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It has long been recognized that the sensibility of the average 
eye for radiation varies with the wave-length, the sensibility being 
a maximum in the yellow-green region of the spectrum and falling 
off to quite small values at each end of the spectrum. If the total 
radiation, measured in energy units for the wave-length interval 
whose center is at A, be denoted by J,, and the luminous intensity 
measured in light-units for the same interval by J,, then the sensi- 
bility of the eye for the same interval is 
=_ I 
ae 
The determination of the ratio V,, termed the visibility of radia- 
tion, has been made in a number of investigations among which 
may be mentioned particularly those of Kénig,’ Langley,? Bender, 
Ives,4 and Nutting.‘ 

The methods used to obtain the value of J, in this ratio may be 
divided into two classes. One involves a direct comparison, as in 


Va 


* Konig, A., Ges. Abhandlungen. 2 Amer. Jour. Sci., 36, 359, 1888. 
3 Annalen der Physik, 17, 105, 1914. See also Thurmel, ibid., 33, 1139, 1910. 
4 Phil. Mag. (6), 24, 853, 1912. 5 I[bid., 29, 301, 1915. 
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the ordinary “equality of brightness’’ photometer, of the illumina- 
tion produced by light of successive wave-lengths in the visible 
spectrum with that produced by another source taken as a standard. 
The other method involves the use of the flicker photometer in 
which the criterion of equality is the disappearance of flicker. In 
either case the light from the comparison source may be kept con- 
stant in color, or the step-by-step method may be employed, in 
which case the color of the comparison source is changed at those 
points where the color difference exceeds a predetermined amount. 

The direct-comparison method was used by Ké6nig and by 
Langley, while Ives, Bender, and Nutting have used the flicker 
method. Although much work has been done on the subject, there 
seems to be some doubt as to whether these two methods give the 
same result for very great color differences; indeed, it has been 
shown that in certain cases they do not. The measurements have 
extended from 0.4 4 to 0.7 uw, though the data near these limits as 
determined by Nutting, who has carried his measurements farther 
than anyone else, are given only to one significant figure. 

The great difficulty in the way of determining the visibility 
relation far out in the red or blue end of the spectrum is the small 
amount of light available. When it is realized that the sensibility 
of the eye varies by a factor of about 48,000 in going from the posi- 
tion of maximum sensibility to about 0.77 uw, as may be seen by 
considering the results of others in conjunction with those given 
below, it will be evident that a source that would be very luminous 
taken as a whole would be quite weak if only a small interval of 
wave-length were taken in the deep red. The same considerations 
apply to the deep blue. 

In connection with a problem in optical pyrometry recently 
investigated in this laboratory,” it was important to know the 
visibility-curve somewhat beyond 0.7 uw and to be certain of the 
value to a reasonable degree of accuracy. To this end the present 
investigation was undertaken, making use of an adaptation of the 
arrangement employed in the Holborn-Kurlbaum optical pyrom- 
eter. The advantage in using the method of optical pyrometry is 

* Luckiesh, Electrical World, 67, 621, 1913. Physical Review (2), 4, 1, 1914. 

2 Astrophysical Journal, 42, 294, 1915. 
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twofold. In the first place, and in general, may be mentioned the 
availability of greater brightness, which permits the extension of the 
measurements farther into the red end of the spectrum; and in 
the second place by this method the sensibility-curve is obtained 
under conditions as to size of field and method of making the 
measurements very similar to those of the problem that was being 
investigated. Although, in accordance with the present needs, 
measurements were confined to the red end of the spectrum, the 
method might be employed also in extending the visibility-curve 
in the region of short wave-lengths. 





Fic. 1.—Arrangement of apparatus 


In Fig. 1 is shown the arrangement of the apparatus used. The 
spectrum of a broad vertical carbon filament (A) is formed by means 
of a Hilger constant-deviation spectrometer in the focal plane of 
the object-glass of the telescope, in which plane is placed the horizon- 
tal filament of a second lamp (F). A lens (H) projects an image of 
thi§ filament and of the background spectrum on a narrow vertical 
slit (J), in the focus of the eyepiece (K). By rotating the drum- 
head of the spectrometer, any spectral region of (A) may thus be 
brought into the field of view and compared in brightness with the 
pyrometer filament operated at a constant current. The brightness 
of the lamp filament (A) was kept constant for the entire determina- 
tion. After the brightness of the lamp filament (F) that would 
apparently equal that of a region far out in the red end of the 
spectrum of the filament (A) had been determined, this lamp 
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filament (F) was maintained at that constant brightness, and differ- 
ent spectral regions of filament (A) were compared with this bright- 
ness. This was accomplished by reducing the apparent brightness 
of the lamp (A) by means of rotating sectored disks placed between 
the carbon filament (A) and the collimator slit (C) of the spectrome- 
ter and quite close to the latter, and then finding the position 
of apparent equality by turning the-drumhead. The filament of 
lamp (A) was about 1.6 mm wide and about o.3 mm thick, re- 
quiring 9.6 amperes for a black-body color-match temperature of 
1940° K., a temperature which was used throughout. This lamp 
was matched in color with a standard lamp several times during 
the course of the observations and, as closely as could be determined, 
it remained constant. The collimator slit (C) was for the greater 
part of the work kept at an opening ofo.5 mm. Asa magnification 
of about one and one-half was used with the lens (B), it can be seen 
that the slit was at all times much more than filled. The lamp fila- 
ment (F) was of tungsten, 0.06 mm in diameter. The brightness 
of the filament (F) used for the most part corresponded to a color- 
match with a black body at about 1300°K. Determinations were 
also made with this lamp filament at about one-half, twice, and four 
times this brightness. These four determinations all checked well 
within the limits given below. The eyepiece slit was maintained 
at an opening of o. 2 mm because if wider eyepiece slits were used, 
variations across the slit could be noticed. Before and after each 
set of observations the calibration of the spectrometer was tested 
by means of known spectral lines. 

The energy-curve of the lamp (A) was determined by compari- 
son with a black body. Using the temperature thus obtained the 
energy-distribution was calculated from Wien’s equation, taking 
C, equal to 14,500. In reducing the observed luminosities, correc- 
tions were made for dispersion, slit-widths, selective absorption of 
the lenses and prisms, and scattered light. It has been shown’ that 
in certain cases an error may be made owing to diffraction of the 
light around the pyrometer filament. This error depends upon the 
size of the pyrometer filament, the angle of the incident radiation, 
and the wave-length. In the present investigation the size of the 


t Physical Review (2), 4, 163, 1914. 
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filament and the incident angle were large enough to make this 
error negligible over the range of wave-lengths used. In correcting 
for the scattered light, two methods were used. First, the bright- 
ness of the scattered light was measured as follows: the field of the 
spectrum was limited in height by a diaphragm in front of the slit 
(C) and the filament (Ff) moved up above the spectrum so that it 
could be compared with the brightness of the scattered light alone. 
By varying the current through the lamp filament (F) the brightness 
of this scattered light could be compared with that of the direct 
radiation plus the scattered light. Inasmuch as the lamp filament 
(F) was moved out of its position, the brightness of the scattered 
light that was compared may have been somewhat different from 
that at the center of the spectrum. However, results by this 
method check very closely with those of the method described below. 
The second method of correcting for the scattered light was to use 
before the eyepiece (K) a red glass of known transmission which 
would absorb all the more luminous parts of a scattered radiation. 
These two methods gave results for the scattered light that 
amounted to about 20 per cent at A=o. 76 uw for a particular length 
of slit (C). The illumination of the retina was well beyond the 
region where the Purkinje phenomena are effective, as indicated by 
the data given above, and the size of the field was extremely small 
for the comparison source, corresponding to the filament (F) 
(diameter 0.06 mm) magnified six times by the eyepiece, giving in 
angular units a field of about o.4 degrees. 

As has been shown by the work of Ives" and others, it would be 
expected that the Purkinje effect would be very small even for low 
illuminations with this small field. As the same results were 
obtained with lamp (F) at one-half, at twice, and at four times the 
mean intensity used, it is seen that conditions were well outside of 
those in which the Purkinje effect is found. 

Measurements were made by nine observers whose final results, 
reduced to a common value at A=0.64 u, are shown in Table I. 
Each observer made determinations with at least two intensities of 
lamp (F) and also check-settings at these intensities, yielding for 
each observer at least four separate determinations on different 

* Phil. Mag. (6), 24, 173, 1912. 











290 EDWARD P. HYDE AND W. E. FORSYTHE 


days. In making a single determination, observations were made 
with nine sectors and check-readings were made with at least five 
sectors. In working up the data, curves for the two intensities 
were made equal for the region where they overlapped. From a 
number of readings of the ordinates of the two curves, the mean 
ratio was calculated, giving the constant by which the luminosities 
differed. The variation of this ratio from a constant value was 
used in part to determine the accuracy of the work. The values 
given in Table I are the mean of the values read from smooth curves 
thus obtained, made equal to 100 at A=0. 64 uy. 


TABLE I 


VISIBILITY DATA ON 9 SUBJECTS IN THE RED END OF THE SPECTRUM 














Wave- (1) (2) (3) (4) (5) (6) (7) (8) 9) 
Lengths | E.P.H. | W.E.F. F.E.C. | A.G.W. ML. | CFS. R.G.B. W.w. H.M.J 
©.620..|245.0 |245.0 (255.0 |211.0 |265.0 |252.0 |297.0 |291.0 |237.0 
.630..|164.0 [163.0 |155.0 |151.0 [171.0 |159.0 |178.0 (174.0 |161.0 
.640..|100.0 |100.0 |100.0 |100.0 |100.0 |100.0 |100.0 (100.0 (100.0 
.650..| 59.0 | 56.0 | 59.0 | 59.0 | 57.0 | 59.0 | 53.0 56.0 | 61.0 
.660..| 32.0 | 31.0 29.0 32.0 26.0 | 32.0 27.0 30.0 32.0 
.670..| 16.8 15.3 15.8 | 16.3 14.4 | 16.8 13.7 15.6 16.6 
-o../ 8:3 | 7-§ 7.8 | 8.0 Fe Ge 6.8 8.1 7.8 
.690..| 4.1 3.6 3.8 4.0 4.5 4.1 3.4 4.0 3.7 
700.41: 2.08 1.73 1.87 | 1.96 £77 1.86 1.61 I.go 1.88 
-710..1 2.02 0. 86 0.92 | 0.95 °. 86 0.94 0.86 0.93 °.90 
.720..| ©.49 | 0.42 0.46 0.48 O.41 0.46 0.42 0.46 0.44 
.730..| 0.24 0.21 0.22 0.24 | G.9t | ©.23 0.20 | 0.2 0.21 
.740.. 2.5% ©.10g} O.1%3) O.117| O.104) 0.12) 0.104 0.114) 0.10, 
.750..| ©.063} 0.052] ©.05;} 0.058] ©.053/ 0.055; 0.05} 0.056| 0.05; 
.760..| 0.033} ©.026| ©.030/ ©.030/ ©.02;/ 0.027) 0.029 0.028| 0.02, 
©.770..| 0.017! ©.01;| 0.0I5| 0.016 6.084) ©.01z| 0.014 0.012} 0.01, 
! ! 











To show the relative values of the sensibility of the individual 
observers in the red end of the spectrum Table IT is given. In ob- 
taining these data, both lamp (A) and lamp (F) were kept constant, 
(F) being at the average brightness used, and settings were made 
by each observer. Data were thus obtained in the form of curves 
from which could be computed the relative values of the sensibility 
of different observers at A\=0.75 yu. It will thus be seen that the 
values given are for the relative sensibility of the different observers 
when comparing the brightness of the particular spectral color with 
the brightness of lamp (Ff). As previously stated, the values given 
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in Table I are also relative. It will be seen from a comparison of 
Tables I and II that, though there was a great variation in the values 
given by the individual observers to the luminous intensity in the 


TABLE II 
RELATIVE VALUE OF THE SENSIBILITY OF THE DIFFERENT OBSERVERS FOR 


LIGHT AT A=0.75 » WHEN COMPARED WITH THAT FROM 
A BLack Bopy AT ABOUT 1300° K. 


Sr Pree bee ry hn ON. Feel” 113 
WANT «+ 660-0 H8s pu een pet ace deeaS 157 
Bee sn 40+ 6A ce cduapns-eoah ee eek Sola eaee 170 
PS \ sos ne) ps dee Bee ees chs ben eee 192 
RE res ss cred sined bude sodden 123 
EA 2.0 b. Wb 0 deere xWensivedesandheaee 125 
SRE » 5 ood oxen noms & hen aed 78 
ED 6 nips db owns vas ev teaoe eee 122 
ME «sna chon ph 5's-p0meurt and ea ad 84 


extreme red, the relative values do not vary so widely. The aver- 
age results of the nine observers, together with the values obtained 
in previous determinations, are shown in Table III. For compari- 
son the values of the previous determinations have also been 


TABLE III 


VISIBILITY DATA IN THE RED END OF THE SPECTRUM 








Wave-Lengths | Mem Vici | ete Wetting tse Kénie’s Values 
NO oS tele 5: Us wre 252.0 227.0 221 189 
ae 164.0 164.0 156 143 
EES ae 100.0 100.0 100 100 
SE 58.0 62.0 59 61 
Ns bbc cas 30.0 34.0 390* 33 
Re ee rS.7 18.6 25* 15 
a reer 7.6 8.6 Tg er see 
ee 3.8 4-7 do's maleate Reis dene eae 
BN 5 5540s ess 1.87 I.3 Serer ss ee 
SS ee 0.gI soccer eceerececlescccceevesecslosesecsesesens 
Rs a we 6 wwe a4 0.45 0s otis 2084s 00Rs 000 0x5 eal e a tee 
| See i ee PRES Cee eee bees sacs t cvseGsineeskeahenware 
| ey ee eee ots Soe haccvne cab se cus hha sue eRamewbe 
SC ks «6 xo Na OA. Bens acne tuaacad sis Lnscn 6 hich Rteeiceie bk 
Sorry COR Diasec A dkcis seabdes Se Poor 
ca vee bmw ORs tie tikvcsvev ens [rstecsorateccettseererengmens 











* Extrapolated values. 
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reduced to 100 for A=o0.64yu. The average results of the nine 
observers were computed by taking the arithmetical average of the 
values given in Table I. As the relative values differed by such a 
small amount, this method will give approximately the same results 
as the method of reduction to equal areas. 

In determining the accuracy, consideration has been given first 
of all to the necessary corrections together with the accuracy with 
which they could be obtained; secondly, to the error which the 
different observers made in setting the drum of the spectrometer 
for a match of brightness in the different parts of the spectrum; 
thirdly, to the agreement of observations taken on different days; 
and, fourthly, to the agreement of the data obtained with different 
intensities of the lamp (F). From a consideration of all the fore- 
going it would seem that the accuracy of the resulting sensibility- 
curve ranges from about 5 per cent at 0.62 yu to about 15 per cent 
at 0.76. How nearly the final curve could be classed as an 
average curve is a question. The observations are those of nine 
men, and, as can be seen, the different observers have quite a range 
of sensibility. It will be noticed that observer 4 is quite sensitive 
to red radiation, while observer 7 is very sensitive to the blue-green 
part of the spectrum. It is doubtful if multiplying the number of 
observers would change the curve by a very great amount. To 
make this point certain it would be necessary to have quite a num- 
ber of observers, and at the time this was not feasible. All of the 
observers with the exception of the last two have had considerable 
experience in photometric work and with instruments of similar 
optical character. These two have had much to do with optical 
apparatus, but have not had so much photometric experience. 

The agreement as shown in Table III between the values given 
and those obtained by other investigators within the common region 
is as good as might be expected. The agreement in the present 
work among the different observers in measurements in the red is 
probably better than that attainable in the more luminous region 
of the spectrum where the color differences are much more pro- 
nounced. It should be remembered that the agreement referred to 
pertains to the relative visibility in different wave-lengths of the 
red region rather than to the visibility in the red region compared 
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with the visibility of white light, which was shown to be markedly 
different for different observers. Emphasis should be laid on the 
fact that the data given have been obtained with a small field. It 
is probable that the same result would be obtained with larger 
fields. 


SUMMARY 


Data have been given for the visibility-curves for 9 observers 
from 0.62 to 0.77 mu, together with the relative values for the 
sensibility of the individual observers when comparing light at 
©.75 » with that from a black body at about 1300° KK. These results 
have been compared with the results of other determinations in 
the common region. 


NELA RESEARCH LABORATORY 
NATIONAL Lamp Works OF GENERAL ELECTRIC Co. 
NELA PARK, CLEVELAND, OHIO 
April 1915 











THE EFFECTIVE WAVE-LENGTH OF TRANSMISSION 
OF RED PYROMETER GLASSES AND OTHER 
NOTES ON OPTICAL PYROMETRY 


By EDWARD P. HYDE, F. E. CADY, ann W. E. FORSYTHE 


A. THE EFFECTIVE WAVE-LENGTH OF TRANSMISSION OF RED 
PYROMETER GLASSES 


In working with any optical pyrometer it is in general sufficient 
to use an approximately monochromatic screen between the eye 
and the pyrometer filament or other comparison source in order 
that the latter may apparently match in color the source studied. 
The glass or screen used must be much more nearly monochromatic 
for studying sources at high temperatures, as it is in this region that 
the differences in color of the various sources are more noticeable. 
An optical pyrometer can be so calibrated and so used as to make 
unnecessary a knowledge of the extent to which the screen is mono- 
chromatic. To do this it is necessary to use in calibrating the 
pyrometer a black-body furnace that can be operated at various 
temperatures up to the highest temperature for which the pyrom- 
eter is to be used. However, if an attempt is made either to 
calibrate the pyrometer by the aid of a black-body furnace held 
at a single temperature,’ as for instance the melting-point of palla- 
dium, or to extend the temperature measurements beyond that of 
the standard furnace by means of absorbing glasses or rotating 
sectored disks, a knowledge of the effective wave-length for the 
screen used is necessary. In attempting to check the calibration 
of a Holborn-Kurlbaum optical pyrometer using a black-body 
furnace, differences much greater than could be ascribed to errors 
of observation were encountered. Pyrometer readings were made 
with the black body held at the temperature of melting palladium, 
using various rotating sectored disks. The scale thus obtained was 
tested by direct comparison with the same furnace held at the 
temperature of melting gold, and found to be in error by several 


tC. E. Mendenhall, Physical Review, 33, 74, 1911. 
204 
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degrees. In this case the value for the effective wave-length of 
the red screen used was obtained with a spectrometer as outlined 
below. An investigation of the causes of the error led to the follow- 
ing study of the effective wave-length of transmission of the red 
glass used. 

Various definitions have been given to this effective wave- 
length. It has been identified’ with the maximum of luminosity 
as determined with a spectrometer. This maximum of luminosity 
is determined by so mounting the screen with respect to the spec- 
trometer that a direct observation of the wave-length of maximum 
brightness of the transmitted light can be obtained for any par- 
ticular spectral distribution. It has also been defined? as the 
center of gravity of the luminosity as transmitted through the 
screen, this center of gravity being determined in various ways. 
Further, an attempt has been made to associate it with a definite 
distribution,’ i.e., a definite temperature of the incident radiation, 
the value of the wave-length being determined by computation. 

The foregoing definitions and methods will not in general give 
the effective wave-length; in fact it can be shown that in nearly 
all cases they will not give the wave-length which must be used to 
calculate temperatures. The wave-length that should be used is 
one such that for any definite temperature interval for a particular 
source the ratio of the radiation intensities for this wave-length 
shall equal the ratio of the integral luminosities through the screen 
used. This is evident when it is remembered that the quantities 
which are actually compared are the integral luminosities as 
observed through the screen, and therefore, in computation, a 
wave-length should be used for which the ratio is the same. Defin- 
ing the effective wave-length in this manner leads to the same 
result for the given temperature interval as would be obtained if 
the screen used were absolutely monochromatic in this wave- 
length. 

The screens furnished with optical pyrometers are not mono- 
chromatic. Among the glasses commonly used for red screens are 

* Waidner and Burgess, Bulletin Bureau of Standards, 3, 163, 1909; see also 
Mendenhall, Joc. cit. 

2 Pirani, Verh. der deutschen physikalischen Gesellschaft, 15, 826, 1913. 
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Jena “Kupferrubin” glass No. F-2745 and Jena “Rotfilter” No. 
F-4512. The transmission of a specimen, 2.9mm thick, of what was 
furnished by the makers as “‘ Rotfilter’’ glass No. F-4512 is shown 
in curves A and A’ in Fig. 1. Three methods have been employed 
to obtain the transmission of the red glass: (1) the spectropho- 
tometric, (2) the spectral pyrometric, and (3) the spectrobolometric. 





0.640.8 1.0 1.2 1.4 1.61.8 2.0 2.2 2.4 2.6 2.8 3.03.2 3.4 3.6 
(eee are 
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19 


° 
0.60" .62 .64 .66 .68 .7o .72 .74 .76 
Wave-length scale for curves A’, B, and C 


Fic. 1.—Transmission of red pyrometer glasses 


A Transmission of single piece F-4512 red glass 

A’ Same as A; larger wave-length scale 

B_ Transmission double thickness of same glass ’ 
C Transmission of single thickness of red pyrometer glass, probably F-2745 


The agreement of the three methods can be seen from curve A, 
Fig. 1, where the transmissions obtained by the different methods 
are marked differently. The transmission of two thicknesses of 
the glass (5.8 mm) in the visible spectrum is given by curve B. 
In curve C is shown the transmission of what is supposed to be 
“Kupferrubin” glass No. F-2745. This is a piece of the same 
sample of red glass as has been used" in a comparison of the tem- 
perature scale based on the Wien radiation law as applied to an 
optical pyrometer and a scale based on the Stefan-Boltzman law. 


* Mendenhall and Forsythe, Physical Review (2), 4, 62, 1914. 
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It is seen that the transmission band is rather broad, though the 
apparent breadth, as observed with a spectrometer, is much less, 
owing to the limit of vision. It has been recognized by Waidner 
and Burgess,’ Pirani,? and others that, owing to the breadth of the 
transmission band, the effective wave-length is subject to change 
with changes in spectral distribution of the incident radiation, as 
occasioned by changes in temperature of the radiating sources 
under investigation. In fact, Waidner and Burgess have attempted 
to show how this wave-length changes with the change of the 
temperature of the source by the use of the spectrometer as out- 
lined above. In this way they found that the effective wave- 
length seemed to become longer at higher temperatures, a result 
quite contrary to expectations. 

The importance of knowing in accurate measurement in pyrom- 
etry the effective wave-length for different ranges of the temperature 
is evident. It was desired to determine the effective wave-length 
for the red glass for the interval between two definite temperatures 
of a black body and to determine how this effective wave-length 
changes as this interval is changed. Two methods were employed: 
(1) that of direct measurement, and (2) that of computation, 
assuming a knowledge of the visibility-curve of the eye. An elec- 
tric incandescent lamp at two arbitrary currents, corresponding 
in energy distribution to the black body at 1600° K. and at 2000° K. 

‘respectively, was selected as the source, and measurements were 
made with the best or most nearly monochromatic glass in our 
possession, viz., that for which the transmission-curve is given 
in Fig. 1 (curve A) and of the kind known as Jena “Rotfilter”’ 
No. F-4512. A double thickness of glass (5.8 mm) was used, as 

this is about the thickness of glass generally employed. | 

By the first method, the ratios of intensities of emission of the 
source for a number of wave-lengths at the two temperatures were 
measured, and these ratios compared with the ratio of integral 
luminosities of the radiation from the source observed through the 
double thickness of glass. These measurements were carried out 
with two distinct sets of apparatus. In one set of measurements 
the ratios of the intensities of radiation were measured with a 

1 Op. cit. 2Op. cit.; see also ibid., 17, 47, 1915. 
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spectrophotometer, and the ratio of the integral luminosities was de- 
termined with a Lummer-Brodhun photometer having the double 
thickness of red glass in the eyepiece. In the other set of measure- 
ments the ratios of the intensities of radiation were determined with 
a spectral pyrometer' and the ratio of the integral luminosities was 
measured by the use of a laboratory form of the ordinary Holborn- 
Kurlbaum pyrometer having two thicknesses of the red glass in 
the eyepiece. 

By the second method the integral luminosities through the 
red glass at the two chosen temperatures were computed from a 
knowledge of the spectral energy-curves (computed from Wien’s 
equation), the transmission-curve for the glass (Fig. 1, curve B), 
and the sensibility-curve of the eye. Inasmuch as the best pub- 
lished visibility data extend only to 0.7 uw and are given only to one 
significant figure in this neighborhood, which is most important 
in the present investigation, a preliminary investigation of the 
sensibility of the eye in this region was undertaken.? The data 
obtained in this preliminary investigation were used in the present 
computations. 

The results obtained by the two methods, direct experiment 
and computation, are given in Table I. 


TABLE I 


EFFECTIVE WAVE-LENGTH OF MONOCHROMATIC TRANSMISSION FOR Two 
Preces OF RED PyROMETER GLAss No. F-4512, 5.8 mm Tota THICK- 
NESS, FOR THE INTERVAL BETWEEN THE TEMPERATURES 1600° K. AND 





2000° K. 
Direct experiment, using spectrophotometer............ ©.664 ¢*0.001 pw 
Direct experiment, using pyrometer................... 0.663; =0.001 
ee Gray ek ck cde vase cbs tieg ies ©. 6638 
Fe ek ean Sd thre ere anes erersas ©.663340.001 p 


The next point of interest lies in the variation of this effective 
wave-length with change in temperature of the source studied. 
These variations can be determined most accurately by the method 
of computation, and as the changes in effective wave-length are 

t Henning, Zeitschrift fiir Instrumentenkunde, 30, 61, 1910. 

2 Astrophysical Journal, 42, 285, 1915. 
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small it is unnecessary to give the value for more than a few tem- 
perature intervals. In Table II are given the results of these 
computations, assuming the effective wave-length between 1600° K. 
and 2000° K. to be the mean value given in Table I. Because of 
interest in the paper already referred to in connection with some 
work by C. E. Mendenhall and one of the authors, the changes in 
the effective wave-length of transmission of the red glass used 
in that work have been computed. These results are also given 
in Table II. 
TABLE II 


CoMPUTED CHANGES DUE TO VARIATION IN THE TEMPERATURE INTERVAL IN THE 
EFFECTIVE WAVE-LENGTH OF Two SAMPLES OF RED PYROMETER 
Giass Ustnc Two THICKNESSES OF EACH 














Glass No. Glass No. 
Temperature Interval ee Se Foe cae 

5.8mm 6.7mm 

Sie OOO 6s ss cacceeesar eee | 0.6645 0.667: 
1336°-1822° (gold to palladium)... .| 6646 666, 
I sn igs. v5.0 se 5 «DS wiehigle a 6634 6646 
Te. . Pe eee | 664: 666; 
TTA «swe V.wbnddbeadtne cael 66:29 6636 

° ° | 

RS ho 5 bg eeenernes toeen 662, .662, 
eS one ee ree Pree | 0.661, 0.6615 


Observations made on other pieces of glass used with the 
Holburn-Kurlbaum and other pyrometers indicate quite appre- 
ciable deviations from the particular specimens studied in the 
present investigation. As obviously it would be most incon- 
venient to subject every sample of glass to such an investigation 
as that recorded here, it appears desirable to find a simple way 
of calibrating glasses in terms of the specimen already investi- 
gated. This can be done readily, by determining the ratio of the 
apparent candle-powers of a standard lamp at two definite cur- 
rents, using the glass under investigation in the eyepiece of a 
Lummer-Brodhun or other suitable photometer, and comparing 
this observed ratio with the known ratio as determined with the 
known sample of glass in the eyepiece of the photometer. If the 
ratio with the test glass is found to be, say, 1 per cent greater than 
the given ratio for the standard glass, then the effective wave- 
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length for the temperature interval corresponding to the two 
currents through the lamps must be shorter than the accepted 
wave-length of the standard glass by an amount readily computed 
from Wien’s equation and from the known black-body color- 
match temperatures of the lamp at the two currents. Until the 
standardization of glasses may be undertaken by the Bureau of 
Standards, Nela Research Laboratory will be glad, for the con- 
venience of other investigators, to calibrate red glasses in terms 
of our standard; or else will, if desired, furnish at cost lamps cali- 
brated between two definite currents, giving the black-body color- 
match temperatures and the ratio of apparent candle-powers as 
determined with the standard red glass in the eyepiece. 

Using a sample of red glass (No. F-4512) slightly thicker than 
the standard sample here investigated, the ratio of the intensities of 
the radiation through the glass from a black body at the tempera- 
ture of melting palladium and at the temperature of melting gold 
has been determined. In determining this ratio four different 
pyrometer lamps have been used, three of tungsten and one of 
carbon. Four different black-body furnaces have been used. 
At times the same furnace was used for the two points and at other 
times different furnaces. As a final result of ten determinations 
extending over a year and a half, 76.9 was obtained for this ratio. 
Using this value, 76.9, the effective wave-length for this tempera- 
ture interval for the red glass employed together with the two 
temperatures, C, of Wien’s equation may be computed. Thus 
C, was found to be 14,460, a value that checks well with the latest 
determinations." 

By computation, as shown above, the effective wave-length 
can be determined for any range of distribution of radiation, that 
is, any range of temperature. In some work it is very desirable to 
know the effective wave-length as a certain temperature is ap- 
proached. If the effective wave-lengths are computed for the 
intervals 1500° K. to 1300° K., 1500° to 1700°, 1500° to 1800’, etc., 
and these values are plotted as a curve between effective wave- 
lengths and temperature difference from 1500° K., this curve would 
pass through the 1500° point and could be used to obtain the 

t Coblentz, Bulletin Bureau of Standards, 10, 1, 1914. 
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effective wave-lengths for 1500° K. By computing a series of such 
limiting effective wave-lengths the data given in Table III were 
obtained. 


TABLE III 


LIMITING VALUE OF EFFECTIVE WAVE-LENGTH AS DIFFERENT TEMPERATURES 
ARE APPROACHED 


Temperatures Limiting Effective 
Wave-Lengths 
CON Ws kas + bkskd de naka eae actos 0.6655 
NE Sha aw arcs ited ot kae as meeeae .6648 
ORE EEO AE Oy Os RB ee) ee 664: 
«ss 04nd dl «ee ae ees .6635 
ak dln ds Semane cee poee wees 662, 
GO iG u's ® tncdetet deepens tenes 6616 
Nos Sheba bake oa eee ©.661; 


As a test of the correctness of the value of the effective wave- 
length obtained and its variation with the temperature interval, 
a pyrometer lamp was carefully calibrated, using rotating sectors, 
against a black-body furnace held at the temperature of melting 
palladium. This same furnace was held at two temperatures lower 
than this temperature, and its temperature was determined by the 
application of Wien’s equation, going down from the temperature 
of melting palladium and also up from the temperature of melting 
gold, as determined for the same furnace. The results are given in 
Table IV. For the temperature interval between 1822° K. and 


TABLE IV 


TEMPERATURES OF BLACK-Bopy FURNACE AS DETERMINED BY COMPUTATION 
FROM Two FIXxEep PoINtTs 


Temperatures from Temperatures from 
Palladium Point Gold Point 
1721° K. 1720° K. 
1625° 1625° 


1336 K. the effective wave-length for this interval given in Table 
II has been used, and for C, the value given above. A reference to 
Table II will show that there is a very small change in the effective 
wave-length for smaller intervals within this same interval. 
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B. THE TEMPERATURE COEFFICIENT OF TRANSMISSION OF RED 
PYROMETER GLASS 
In connection with the investigation described above it was 
observed that the transmission of the red pyrometer glass, pre- 
sumably made with copper oxide, and dependent for the color on 
a colloidal solution, is subject to a large change with temperature. 
This has not been investigated thoroughly, but observations were 
made at two temperatures, 
20° C. and 80° C., by immersing 
the glass in water heated to 
these two temperatures. The 
results are given in Fig. 2. 
Curve A is the transmission of 
the glass at the lower tempera- 
ture 20° C., and curve B the 
corresponding curve at the 
higher temperature 80°C. The 
transmission is shown to de- 
crease with increase in tempera- 
ture, the coefficient of change 
of temperature being greatest 
° in the shorter wave-lengths. 
0.60m .62 .64 .66 .68 .70 .72 The change is such as to make 
Wave-length the transmission band appear 
nee ix Tramiel eget” to shift to longer wave-lengths 
80° C. as the temperature is increased. 
A further investigation of this 
should give data with which to test the theoretical formula of 
Mie’ for colloidal solutions. 

A test was made of the effect of this temperature-shift of the 
transmission band on temperature-measurements when the red 
glass was used as a screen before the eyepiece of the pyrometer. 
The temperature of a broad carbon filament lamp operated at an 
apparent temperature of 1900° K. was measured with the red 
glass used as a screen before the eyepiece of the pyrometer. It was 
so arranged that the red glass could be used at room temperature 


70 


60 


5° 


40 


3° 


Percentage of transmission 


20 


10 





* Annalen der Physik, 25, 377, 1908. 
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and also when heated to about 80°C. The temperature of the 
lamp was measured using a 2° sectored disk, as this would give 
a larger effect than a sector with greater transmission. It was 
found that there was a decrease of 5° C. in the temperature obtained 
when the glass was heated to 80° C., over that obtained with the 
glass at room temperature. From this it will be seen that for all 
ordinary temperature changes the effect would be negligible. 


C. INFLUENCE OF POSITION OF ROTATING SECTORED DISK IN USE 
WITH THE HOLBORN-KURLBAUM TYPE OF PYROMETER 


If a rotating sectored disk is used with an optical pyrometer 
to reduce the intensity of the source, care must be taken as to the 
location of the disk. There is a very marked difference in the 
results of temperature measurements, depending upon whether 
the sector is located near the projection lens or as near as possible 
to the pyrometer lamp. There is also a difference depending upon 
the relative position of the openings in the sector and the source, 
providing the source is a lamp filament. If a sector of small trans- 
mission is mounted near the lens and so placed that the openings 
of the sector are parallel to the axis of the filament when passing 
across the center of the lens, the definition is very bad, while if the 
openings of the sector are turned through go” so that they are per- 
pendicular to the axis of the filament, the definition is apparently 
quite good. When the rotating sector is located near the pyrom- 
eter lamp the definition is good and practically independent of the 
position of the openings of the sector. If a very large source, as 
for example a black body, is used, no such effect is to be noted. It 
would appear that the rotating sector as used with the optical 
pyrometer' has at times been placed in a position which would lead 
to uncertainties. 

If a lamp filament used as a background be set so that it has 
the same brightness as a black body at 1822° K. (the temperature 
of melting palladium), as determined by the optical pyrometer 
using red glass before the eyepiece, and this background again set 
at the brightness corresponding to the melting-point of gold as 
indicated by the black body, the relation between the brightness of 


*C, E. Mendenhall, loc. cit. 
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the lamp at the two temperatures, as determined by the rotating 
sector if placed near the lens, is not the same as that for a black 
body or other large source over the same range. Thus it was 
found that with the rotating sector located near the projection 
lens the error amounted to about 8° for this interval. The disk 
was so mounted that the openings made an angle with the axis 
of the pyrometer of about 45° when crossing the lens. The fila- 
ment of the lamp used as a background was about 0.3 mm in 
diameter. However, if the sector be located very near the pyrom- 
eter lamp the ratio as found checks very closely with that for a 
black body. 


SUMMARY 


Data have been determined for the effective wave-length for 
Jena “Rotfilter’”’ No. F-4512 and Jena “Kupferrubin”’ glass No. 
F-2745 for the interval corresponding to a black body at tempera- 
tures 1600° K. and 2000° K. The effective wave-lengths for different 
temperature intervals have also been computed for these two glasses. 
In connection with the work a determination of the constant C, of 
the Wien radiation law has been made. 

It has been shown that care must be taken as to the location 
of the sectored disk when it is used to extend the temperature 
measurements with the optical pyrometer, and that the trans- 
mission of red glass used in such pyrometers is subject to change 
with change of temperature, although this effect does not lead to 
appreciable errors under the conditions ordinarily encountered. 


NELA RESEARCH LABORATORY 
NATIONAL Lamp WorkKS OF GENERAL ELECTRIC Co. 
NELA PARK, CLEVELAND, OHIO 
April 1915 











ON SOME PECULIARITIES OF THE RESIDUAL RADIAL 
VELOCITIES OF STARS OF DIFFERENT SPECTRAL 
CLASSES AND THEIR RELATION TO THE SOLAR 
MOTION 

By C. D. PERRINE 

While investigating the relation between radial velocities and 
magnitudes, I noticed in some of the classes what appeared to be 
a tendency of the velocities in some regions to differ systematically 
from those in other regions. Further examination confirmed the 
earlier suspicions and led to an examination of all of the classes. 

It is the purpose of the present paper to point out some of the 
peculiarities found. 

As the stars of Class B have such a strong preference for the 
Milky Way, they were examined first, as showing more readily 
peculiarities in widely separated and distinct regions of the sky. 

The mean residual velocities and mean inherent velocities of all 
these stars were first grouped in quadrants as in Table I. 


TABLE I 


Stars oF Crass B 





No. Residual V; Mean V, 





km km 
Se ed lig tos oo 34 —3.04 6.17 
EO BAe Sea eirearer 79 +0. 26 | 5.29 
Os Aiea nik ods ne 53 +1.78 | 6.50 


EE A agiae eres Kase 59 —o.18 | 7.86 





The velocities used are from Campbell’s catalogues, of Class B 
stars in Lick Observatory Bulletin, No. 195, of Class A in Bulletin 
No. 211, and of g15 stars of Classes F, G, K, and M in Bulletin 
No. 229. 

These results indicate a systematic tendency, both in the general 
mass motions and in the average inherent velocities. 

The average radial velocity (mean V,) appears to be a minimum 
not far from the solar antapex and a maximum near the apex— 


395 
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the velocities midway between these points being approximately 
the same and a mean between the maximum and minimum values. 
The significance of any such eccentricity of velocity, if confirmed, 
would be very great indeed. 

The stars in the different classes were then cleared of the solar 
motion upon a common hypothesis for all. 

An examination of the velocities and constant errors obtained 
by Campbell" shows an apparent relation between the solar motion 
and the K-term which will be referred to later. He concluded, 
however, that for all of the classes (all stars) the value of Vo (— 109. 5 
km) was indifferent to the inclusion or exclusion of the constant 
error K. This was assumed, therefore, as a basis for intercom- 
parison of the different classes. The individual stars of the six 
classes were cleared of the solar motion, using the value of —19.5 
km for Vo, neglecting K and assuming the position of the apex 
at a=270°,5=+30° There is perhaps a doubt about the assump- 
tion of this apex, but in the absence of any definite knowledge it 
seems justifiable to use it. 

Campbell finds a very consistent tendency of the radial veloci- 
ties to place the apex about 8° south of that found from the proper 
motions. He also concludes that the velocities of the stars are 
greater in the plane of the Milky Way. It seems not improbable 
that the greater velocities in the Milky Way will be found to 
explain the difference in the positions of the apex. As soon as the 
solar velocity and the velocities with respect to the galactic and 
non-galactic regions become better known and more observations 
available it should be possible to test the matter more fully. 

Groups of all classes of stars were selected with respect to the 
apex, antapex, and the two regions at right angles to these having 
distances from the apex between 70° and 110° and being between 
225 and 2" and between 10° and 14°. 

The results are given in Table II. 

Attention may be called to the peculiar progressions in the 
group velocities at right angles to the direction of solar motion 
shown in Table V. These progressions resemble similar ones in the 
values of the solar motion and constant term K. 


*L. O. Bulletin, No. 196, p. 127. 
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The number of stars concerned in these groups is not large, and 
abnormal individual velocities probably affect them to some extent, 
especially in the stars of the middle and later types. 


TABLE II 


RESIDUAL VELOCITIES 
































APEX ANTAPEX 22b—2b tob-r4b 
| | 

| No. Mean V No. Mean V | No Mean V No Mean V 

km | km km km 
Bh ee etre | 22 | +2.4 36 | + 6.2 18 +0.7 27 +5.4 
_ a | 28 | +2.1 21 — 2.0 20 +5.0 19 —3.1 
| FEE | 24 —4.2 18 — 2.3 15 +8.0 II —o.8 
| Saree? Pua iE. ag 12 | — 7.0 21 +2.6 15 —3.6 
ae :. —4.3 39 | + 2.6 43 +5.9 28 +2.1 
M | fx | —6.2 be | + 6.2 | 16 +2.5 13 +7.3 

oo het trae 10° | —0.2 11* | +11.5 oa veniacaushudnlcte stp kanes cin 


| 
| 
| 
| 
| 
| 





* Rejecting one large value. 

There is probably also some effect still remaining of any differ- 
ences between the corrections applied for the solar motion and 
the true ones; but as the true ones must be considered unknown 
for the present, we have no other recourse. 

The general character of these peculiarities is believed never- 
theless to represent real conditions. However this may be, whether 
due to a single physical cause or only to groups of abnormal veloci- 
ties, any such conditions will affect the solar-velocity and constant- 
error terms derived from data containing them. 

The peculiar relations between the solar motion and constant 
errors are exhibited in Table ITI. 














TABLE III 
— —_ _ ———— — Ne en a a ~ _ = 
ae oe K VotkK | menk |V¥o+Menk 
| | 
km km km km km 
Rr bee | 20.2 +4.07 —16.1 +4.3 —15.9 
. 8 ye ae —16.8 | +0.95 —15.8 —0.4 —17.2 
ETE +0.06 —15.7 —0.3 —16.1 
RE —16.0 | —0.20 | —16.2 0.0 —16.0 
ae oe i ree | +2.82 —18.4 +3.5 —17.7 
ae ee —22.6 | +3.93 | —18.4 +5.1 —17.5 























308 C. D. PERRINE 


Column 5 of Table III contains the mean residual of all of the 
stars after correction for solar motion on the basis of Vo = —19.5 
and K=o. These are seen to follow closely the value of K found 
by Campbell and may be considered to be essentially the same 
quantities. 

Campbell concludes' that the elements of the solar motion are 
apparently indifferent to the inclusion or omission of the term K. 

That appears to be true so far as the mechanical solution is 
concerned, but how are we to explain the peculiar relation of Vo 
and this constant term indicated in Table III? Notwithstanding 
the fact that this constant error was determined along with Vo 
and therefore that Vo ought to be free from any such effect, we 
find the values of V@ varying systematically in such a way that 
the algebraic sum of Vo and K (but closer still of mean R and Vo) 
is a nearly constant quantity. The conclusion seems justified that, 
notwithstanding its apparent elimination, at least a part still re- 
mains, or that its real significance is other and that an entirely 
different explanation must be sought. 

It is not necessary to give the details of all the tests applied, 
but the two tables following show the values of the solar motion 
obtained from hemispheres around the apex and the antapex (Table 
IV) and for different portions of these hemispheres (Table V) 
as they came accidentally in the tabulations for solution. No 
attempt was made to form them into groups according to region 
of sky, although in a general way this has resulted from taking the 
stars in the order of right ascension. K was omitted. 








TABLE IV 
" | 

| B A | Re G M 

No. | , | No. No. | No. “x No. 

Stars | YO | Stars | VO Stars YO Stars VO Stars YO 

| km km | km | km km 
Ree is: | go |—11.5| 111 |—17.4| 103 |—16.3| 63 |—17.7; 38 |— 8.0 
Antapex...| 133 |—27.3| IOI |—15.2) 93 (—18.1) 1) 74|—18.0| 42 |—30.1 
PS ae | 223 |—21. -9| 212 |—16. 4) 196 wd 2) 137 |—17.9 80 |—20.1 





* One star of very a velocity w was npearser in Class 1 F. In ee G all stars having velocities of 

50 km and over were omitted, as the solar velocities from all stars were abnormal, —34.6 km from the 

- ical region and —37.1 km from the antapical region. The effect was traced to the fact that practically 

of the great velocities were negative in the apical and positive in the antapical regions. Here we have 
quewiivell evidence of the possible effect of systematic velocities on the solar motion. 


tL. O. Bulletin, No. 196, p. 127. 











RESIDUAL RADIAL VELOCITIES 309 


The foregoing results seem to me to point to the necessity of 
looking for other effects as well as for constant error depending 
only on spectral class, probable as such an error seems. 














TABLE V 
| B A F 
ca ————| ; ) 
No. Stars | Vo No. Stars | Vo | No. Stars | Vo 
km km km 
ree 45 —15.8 | 44 —14.4 | 50 | —18.5 
46 | —22.3 43 | 38.2 | 53 | —16.1 
bstinc Pout aes aN eeey 24 ak ae Pe Sage Sh ae 
Antapex..... 42 | 18.9 44 —19.7 50 —15.0 
44 — 23.1 43 —12.4 45 | —20.0 
48 —17.6 14 i ee ee a oe 





The explanation for this constant error has for its basis a 
physical cause which should produce a nearly uniform effect among 
the stars of the same spectral class, whereas we find large discord- 
ances among groups of such stars in different regions of sky. 

The range of about six kilometers which exists between the 
velocity of the solar motion derived from the different spectral 
classes seems entirely too large to be explained by accidental errors 
or velocities alone. 


CONCLUSIONS 


1. The values of the solar motion derived from the different 
spectral classes separately show large and systematic variations. 

2. The values of the solar motion, the residual motions, and 
the mean velocities show wide variations in different regions of the 
sky and within the same spectral class. 

3. The constant error, and the solar motion, derived from each 
spectral class, vary in such a way that the algebraic sums of these 
two quantities are in very good agreement. This gives rise to 
the suspicion that these quantities are still related. 

4. Discordances appear to be too great to be represented 
wholly by the assumption of a mere constant error within any 
spectral class. 
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5. It is believed that the chief cause of the discordances noted 
is to be found in systematic or semi-systematic motions of the stars 
and that until some degree of success has been obtained in the 
determination and elimination of such motions the true value of 
the solar motion must be considered to be uncertain. 

It is yet to be seen whether the star streams already known are 
competent to account for the peculiarities observed. The pecul- 
iarities observed indicate that at least some modifications will be 
required. 

Since the above was prepared I have been able to represent the 
observed radial velocities of the stars of Classes A and B better 
upon the assumption of general preferential motions of the stars 
themselves. The resulting values of the velocity of the solar 
system are much better harmonized also by such an assumption. 
It was found necessary, however, to limit the stars used to those 
in and near to the Milky Way. 

The assumed vertex of preferential stellar motions was right 
ascension o® and declination +60°. Preliminary solutions based 
upon this vertex and apex of the solar motion at 18", +30° yield 
the following results: 











km km 
ERIS a's Olaatg dine 3 did eo « —19.4 —19.4 
Rs da ach Rwawbiace #0 <0) — 1.8 + 9.1 
TEE eck ed.» roevebineew & oes | + 4.3 0.0 





The residuals for the solutions, including the V, term and 
omitting it, are as follows: 








| Including | Omitting 
| 
| 





V, Term V, Term No. of Groups 
[ve] [vo} in Solution 
100 I00 
As aus pee Bo | 56 139 6 
Ca es sae a9 39 510 8 





The improvement in the case of the stars of Class B is not so 
marked as in the stars of Class A. This is perhaps to be expected 
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from the smaller value found for the preferential stellar velocity 
in the former case. 

These solutions can only be considered as approximate. 
Whether a larger number of stars would confirm the results 
obtained and whether all of the spectral classes will show similar 
peculiarities may be questioned, of course. There is reason to 
believe, however, that some such preferential general motions 
will be found to be real, although their magnitudes and char- 
acteristics may be considerably altered. 

The value of the solar motion from the new solutions appears 
to confirm that derived by Campbell from all of the classes together. 

The numerical value of the K term for stars of Class B remains 
practically unchanged. 

There are strong indications here also that the B8 and Bo 
stars should be grouped apart from the earlier stars of Class B. 


OBSERVATORIO NACIONAL ARGENTINO 
C6RDOBA 
May 25, 1915 














THE ORBITAL ELEMENTS OF THE ECLIPSING 
VARIABLE SX DRACONIS 


By W. VAN B. ROBERTS 


The observations used were those published in the Annales de 
VObservatoire Royal de Belgique, 13, II, 1914, and the Publications 
of the Vassar College Observatory, No. 3. 

After an approximate period from Belgian observations had 
been obtained and a rough light-curve plotted, this curve was 
applied to the observations on various nights to get the best value 
of the time when the star was of the eleventh magnitude, or fifteen 
“degrés”’ on the Belgian scale. Several of the Belgian comparison 
stars were identified with the Vassar comparison stars for which the 
magnitudes on the Harvard scale were given. By means of these 
stars and by comparing the magnitude of the variable when at 
constant light in the two systems, the following formula was found 
for converting degrés to magnitudes: 

mag.=11.7—0.0914(d—5.8) 


The period finally determined from the combined Belgian and 
Vassar observations was 5.16935 days and the epoch of middle of 
minimum determined from the mean curve was J.D. 2418683. 409. 

Observations of nearly equal phase were then combined into 
normals, then normals of nearly equal phase before and after the 
middle of minimum were combined, giving a table of “‘super- 
normals” which was used to draw the light-curve. 

Using this curve and following the method, due to Professor 
H. N. Russell,’ it was found that the assumption of a total eclipse 
of a bright spherical star by a larger and fainter companion, both 
showing disks of uniform brightness, would reproduce the observed 
variations in light, provided we have the following relations: 

Light of bright star =o.862 of the total light. 

Radius of bright star=o.137 of the radius of orbit. 

Radius of faint star =o.360 of the radius of orbit. 

Inclination of orbit plane = 78°09’ 

* Astrophysical Journal, 35, 315, 1912; 36, 54, 239, and 385, 1912. 
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for, on calculating the light-curve of such a system, it was found 
to coincide within the limits of error with that obtained from the 
Belgian observations. 

On the other hand, if we assume a system like the foregoing 
in nature, with the exception that in the new system the stars show 
disks completely darkened at the limb, it would also reproduce the 
observations, provided that 

The radius of bright star=o.1957 of the radius of the orbit. 


The radius of faint star =o.321 of the radius of the orbit. 
The inclination of orbit =84°45'25”. 


Since either of these two hypothetical systems would account 
equally well for the observations, we are in doubt as to the real 
nature of the true system. The second hypothesis, however, seems 
the more likely considering the evidence of the sun, which is dark- 
ened at the limb. 

The observations made at Vassar seemed from the magnitude 
of the residuals to be affected by large accidental errors and yielded 
a curve that could not be represented by the eclipse hypothesis. 

If we assume the masses of the two components equal, the 
formula, density= 0.00672 P~? r~3, gives for the uniform case a den- 
sity of the larger star=o.0054 and of the smaller = 0.098, while for 
the darkened stars we get densities 0.0076 ando.0335. It is shown 
by Harlow Shapley in Contributions from the Princeton University 
Observatory, No. 3, that in such a system as this it is probable that 
the brighter star is also the more massive. Using his equation for 
the probable mass of the brighter star, knowing what proportion 
of the total light of the system the bright star gives, we find that 
we must change the densities in the darkened solution to 0.00433 
and 0.0478. 

By a method described by Russell and Shapley’ we may make 
an estimate of the probable distance of the star, known as the hypo- 
thetical parallax. The variable has a spectrum of type A, and by 
means of its spectral type, density, and our assumptions as to its 
mass and surface brightness we can make an estimate of its absolute 
magnitude. Comparing this with the observed magnitude we find 


* Astrophysical Jonrnal, 40, 417, 1914. 
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the parallax is 0”00087, which means that the star is 3750 light- 
years away. Its galactic latitude is + 26°, so that its distance from 
the galactic plane is 1650 light-years, which is one of the greatest 
known distances of a variable star from the galactic plane. 

Table I gives the normals, supernormals, and residuals. 


TABLE I 


RESIDUALS FOR DARKENED SOLUTION AND UNIFORM SOLUTION 























NorMaLs SUPERNORMALS 
Oo-C } Oo-C 
Phase (in Days)| Degrés (Dark- | Uniform | Phase Degrés (Dark- Uniform 
ened) ened) 
—0.326....| 24.9 | —oMar | —oM23 | 0.043...... 5-7 | —oMor | —oMor 
»960....| 23.2 — .1I§|— .17 i 05 <0 6.7 + .004] — .006 
eer oe — .144/ — .I5 Der 8.8 — .o1 | — .03 
-282....| 2.4 + .04 | + .04 Rds 5 4 10.9 — .004/ — .OI 
5070. ..<1 SBis + .18| + .18 NT <0 12.0 — .,oO1r | — .or 
-166....| 15.8 | + .05 | + .05 bes 14.9 — .04| — .04 
A SES ae — .02 | — .02 ee 17.9 | + .09 | + .09 
MG 4 IR — .04/ — .04 SR 64 wai 20.1 + .03 | + .03 
2 a + .03 | + .02 ae ee 22.1 — .02|] — .03 
SOT. 0:3) 80.0 — .Or | — .03 | Re 23.2 — .0§; — .06 
aa. 8.1 + .03 | + .or Sides 25.0 — .Or | — .03 
, 6.9 + .08%| + .07 | 0.325...... 26.9 —0.03 | —0.05 
— .038.... 5-3 — .04| — .O4 
+ .002.... 6.6 + .07 | + .07 
.045....| 6.5 | + .06| + .06 | 
Ee 4.0 — .08 | — .0o9 
wesc 6.9 + .09 | + .08 
p. | SEAR 6.7 — .16| — .17 
eae oe — .17; — .17 
.148....| 12.2 | — .07 | — .07 
.172....| 14.0 | — 16 | — .16 
. A eB + .03 | + .03 
sce) OO + .05 | + .05 
.230....| 21.8 | — .or | — .02 
251.4...) 23.0 — i ~ 68 
.262....| 24.6 | + .06| + .05 
y See ee ee + .07 | + .05 
-298.<--) 87.0 | + .32 | + .28 
eke ot S08 + .15 | + .13 
+0.344....| 30.1 +0.20 | +o.18 | 














| 
| 
| 
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The foregoing computations were made with the kind assistance 
and supervision of Professor H. N. Russell throughout. 


PRINCETON UNIVERSITY OBSERVATORY 
June 2, 1915 











ORBITAL ELEMENTS OF THE ECLIPSING VARIABLES 
TW ANDROMEDAE, TU HERCULIS, AND 
RS VULPECULAE 


By JOHN Q. STEWART 


The right ascensions and declinations of these stars for the year 
1900 are: 

TW Andromedae: 23'53™1 +32°17/3 
TU Herculis: 17 9.8 +30 50.0 
RS Vulpeculae: 19 13.4 +22 16 

The light-curves of TW Andromedae and TU Herculis were 
derived from the eye-estimates of L. Casteels and the photometric 
observations of G. Van Biesbroeck.t' Only eye-estimates were 
available for TU Herculis. These were made by the Argelander 
method; the brightness of the variable is stated not in magnitudes 
but in “‘degrés.” The brightness of some of the comparison stars 
of TW Andromedae is given in photometric magnitudes as well. A 
consideration of these stars showed that the relation between 
degrés and magnitudes is approximately linear: 1 degré=0.095 
magnitude. The following transformation equations were found 
to hold: 

For TW Andromedae, 0.095 (degrés— 2.2) =10.76—mag. 
For TU Herculis, 0.095 (degrés—2.0)=11.70—mag. 

The phases of the observations (which are not published in 
the Belgian Annales) were calculated; and observations of nearly 
equal phase were grouped into normals. These are given below. 
In the case of TW Andromedae the photometric observations were 
assigned double weight. It was found unnecessary to change 
Van Biesbroeck’s periods, but for each star it seemed advisable to 
shift his epoch of middle of minimum. This correction, for TW 
Andromedae, amounted to — 04007, for TU Herculis it was +0%006. 
The corrected values are: 

TW Andromedae: J.D. 24186291267+4%1229 E. 
TU Herculis: J.D. 241883144404 2926713 E. 
* Annales de l’Observatoire Royal de Belgique, 13, II, 1914. 
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The solution of TW Andromedae presented no difficulty. The 
maximum brightness is well determined by fifty visual observations. 
There appears to be no sensible secondary minimum. At the 
middle of the primary minimum there is a distinct, constant, total 
phase. Application of the methods of Professor Henry Norris 
Russell showed that the observed light-curve could be fitted very 
well on either the “uniform” or the ‘darkened”’ hypothesis." 


TABLE I 
TW ANDROMEDAE—NORMALS 


No. Oss.t 








PHase* | ~ nbn Oss. Mac. | o-C 
P E 

mag 

aS eck dsieccas ees: 3 | 5 9.27 +0.01 
Mas Kiger eS wee o-0%9 0.6 3 5 | 9.46 .0O0 
ESS a 6 re Whos 98's 6 ba 2 5 9.67 — .02 
SES 2's ois'6 + 60k aber ° 4 9.92 .00 
es larg acanhen berg aso 4 4 10.14 + .03 
BESS bss eclcRees Cass s 4 4 | 10.45 + .04 
SS ek Sorel al tacts te 4 ° 4 | 10.66 — .02 
bas 6 od aes 000-8 04 0% » ° 5 | 10.73 — Or 
SRE is ed's dio & wy-d 33 4 ° | 30.93 + .04 
iy Sek sn hvnivincaioce ws ° 15 | 10.78 — .02 
Mi culk bs.< b-scad'n 2 « 5 ° | 56.97 — .o1 
ROE vie inc wins p pd © ° 18 P30. 28 + .or 
| a RS 3 ° | 10.81 — .06 
MAUS od cece sin ese ° 5 10.77 — .02 
Gs hdwh a <0 0 ots ° 4 10.70 .00 
POs sein Sarr 06s 3 7 10.56 | .00 
ee dok yeas oa-< vo | 3 7 | 10.28 .00 
Pith GN ois ew Scte ae '6'6 0's 3 9 9.98 | + .or 
Ds ob ache bbws.0 40.4 602 3 4 9.65 — .02 
SR a ee 5 | 5 9.40 +0.02 








* The phases given are corrected to the revised epoch of middle of minimum. 
t P indicates photometric, E, eye-estimates. 
All the residuals in each case are so small that it seemed only worth 
while to publish the calculated “darkened” curve. There is 
nothing especially remarkable about this star, except the large 
color-index noticed by Harlow Shapley at Mount Wilson.? He 
finds a photo-visual range of 1.63 mag. and a photographic range 
of 2.04 mag.; the brighter component he gives as type F3, and 
the fainter as G4. 
* See preceding paper by W. Van B. Roberts for references. 
2 Publications of the Astronomical Society of the Pacific, 26, 156, 1914. 
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The light-curve of TU Herculis heretofore always has been 
drawn with a flat-bottomed minimum— indicative of total (or 
annular) eclipse. The orbital elements derived from such a curve, 
however, show that the eclipse is just partial. Nevertheless it 
comes so near totality that the method of solution for a totally 
eclipsing variable suffices to give the elements with quite satis- 
factory accuracy. The round-bottomed minimum necessitated 
by the partial eclipse represents the observations as well as, or 


TABLE II 


TU HeErcuLtis—NorRMALS 








Phases | No.Obs. | Obs. Mag. o-C 








mag. 

mii. REET e Ee 5 9.75 —0.14 
Ns. 5 6s ge ae 5 10.49 + .10 
Miintsiacek ese 5 11.35 .00 
Me iid Vasc can 2 i 11.69 — .or 
tg ee I II.59 + .08 
Te epee rarer 2 11.69 — .02 
MNES oc oe aca 3 II.50 + .04 
Waren eiinwa 5 11.06 | .00 
Sie vNvudn se 5 10.65 | — .or 
RN Cree 5 10. 28 — .06 
Me dsle ce Gee 5 10.03 | + .0§ 
ss woe ak s 5 9.94 + .OF 
SOEs pot awhticexe 5 9.78 | + .o% 
arr ae 5 9.67 | + .02 
OBER i iaane cannes 3 9.60 | —0.02 


| 
* Phases corrected to new epoch of middle of minimum. 





better than, the flat one. The maximum percentage area of the 
smaller star obscured by the larger (ao) is 0.998 by the “uniform”’ 
solution and 0.995 by the “darkened.” 

The constant maximum brightness of the variable is determined 
by thirty-six closely agreeing eye-estimates. Its value in magni- 
tudes is somewhat uncertain, but was assumed to be 9.50 mag. 
This uncertainty does not in the least affect the accuracy of the 
solution, which depends only upon the range in brightness. None 
of the observations are of the proper phase to give information 
concerning the existence of a secondary minimum. The spec- 
trum of TU Herculis is unknown; the hypothetical parallax 
was calculated on the assumption that it is of type A. Both 
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the “darkened” and the “‘uniform”’ curves closely represent the 
observations; only the ‘‘darkened”’ residuals are published. 

For RS Vulpeculae, the final variable considered in this paper, 
the visual observations of Mentore Maggini were used.* His 
brightnesses are in magnitudes, corrected to the Potsdam scale. 
Before drawing the light-curve, the thirty-three normals given 
by him (each of which represents five observations) were com- 
bined into supernormals. The epoch of middle of minimum is not 


TABLE III 


RS VULPECULAE—SUPERNORMALS 














Phase* No. Normals | Obs. Mag. O-C 
mag. 
es oink whaes 5 7.30 0.00 
S99 ‘eins 3 'o09. 3 3 7.41 + .02 
RP SCE Dae I 7.53 .00 
UE ice ‘ine se Rave 5 2 7.67 + .02 
Seti teie icin ls Sal 3 7.82 — .Or 
SMR. 6 wP aside od 4 7.97 — .02 
RR < ag Stee a 2 8.07 .00 
ie. BONNIE ea 5 8.11 .00 
0 Se er 2 8.04 — .Oor 
Pathe 454 xine I ’ 9.89 — .02 
RE ee sae 4 7.60 .00 
NS eis wicietanan I 7 


32 —0.05 


* A correction of —otog97 was applied to Maggini’s phases. 





well determined, on account of the scarcity of observations during 
increasing light. Assuming Maggini’s period, it comes at 
J.D. 24196524963+47477325 E. 

A long period of total eclipse is indicated. It was found neces- 
sary to use a special method in solving for the elements. The usual 
process, when applied to some parts of the light-curve, led to a 
negative radius for the smaller star, and, for other parts, made 
it appear that the smaller star was the larger of the two. By 
the use of the following simple method, however, all difficulties 
were eliminated, and a light-curve was calculated which satisfies 
all of the observations. The light-curve gives sin’?@ as a function 
of a (following Professor Russell’s notation). But we know that 
sin?@ is a linear function of y(k,a). When sin?@, taken from the 


t Astronomische Nachrichten, 200, 54, 1915. 
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light-curve for various values of a, was plotted as ordinate against 
the corresponding values of W(k,a) as abscissae for different 
arbitrarily chosen values of k, it was found that a straight line 
passed through all the points k=constant only for k=o0.20. This 
same value of k was found in both solutions (“uniform” and 


TABLE IV 


TABLE OF ELEMENTS 

















TW ANDROMEDAE TU Hercvtis RS VULPECULAE 
: } mag. mag. mag. 
Soh sn, ale to 8.99 9.50 7.30 
Depth of primary........ 1.77 2.19 0.81 
“Uniform”| “Dark- “vsiform” “Dark- |Uniform”| “Dark- 
| mag. | mag. mag. | mag. mag. mag. 
Depth of secondary.......| 0.044 | 0.10 ©.036 | 0.070 | 0.021 0.021 
Semi-duration of entire | 
SRS eee es s547™ | 6Pr2™ | 4gho™ | 3548™ | Bhom Sham 
Semi-duration of total 
Rec xcetee 5.250 o> 06 o's8™ | obs2™]........ A 4 aoe th49™ obs3™ 
Light of brighter star (Lz) 0.804 ©. 866 | 0.526 


Radius of brighter star (rs)| 0.124 | 0.155 | 0.146 | 0.189 | 0.090 | 0.0932 
Radius of fainter star (r7)..| 0.248 | 0.232 0.299 | 0.278 0.450 | 0.466 

Cosine of inclination (cosi)| 0.107 | 0.054 | 0.155 | 0.098 | 
Ratio of surface brightnesses 


A 











| oa - hia “ 27.7 wes 
Density of bright star* (ps) .| 0.29 0.15 °.61 0.28 | 0.47 0.43 
Density of faint star (p7) ..| 0.016 | 0.020 | 0.027 0.032 | ©.0036 | 0.0032 
Radii in term of sun 

cin’ hvacdeg ha inaee 1.69 2.11 1.34 2.73 1 1.30 1.34 

NERS IRN So 3.38 3.16 2.73 2.54 | 6.50 6.70 
NNR. 5s acciniccntsteans A A: A 
OO Eee sto «=| 3226 sve. | Bc5 | 9"! | ofr 
Galactic latitude (8)... ... — 29° +33° +4° 
3 | Sey eee: Saaee —1000 |........| +1600 |........ | + 25 
r cos § (in light-years)....}........ ee. eee eer 360 








* The densities are corrected for brightness (see preceding paper by W. Van B. Roberts). 


“darkened’’). The slope of the straight line was taken as B, 
and the intercept on the axis of sin?@ as A. The trouble with the 
ordinary method of solution in this case was that the two points on 
the light-curve taken as standard in constructing the tables of 
y(k,a) were nowhere near their correct position. 

The value of k (the ratio of the radii of the two components) 
found for RS Vulpeculae is the lowest yet discovered in an eclipsing 
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system. This star is further remarkable in being among the 
nearer eclipsing binaries (if the computed hypothetical parallax 
is to be trusted). In addition, the star is a bright one, and the 
period of total eclipse long, so that the color-index of each com- 
ponent could easily be determined. Further observations would 
certainly be valuable and might be of the greatest theoretical 
interest. The elements deduced here doubtless are not altogether 
accurate; they are far from agreeing with those calculated by 
Shapley* from the light-curve of Professor Nijland. 

I take much pleasure here in thanking Professor Russell for his 
many suggestions, and for the great interest he has taken in these 
calculations. 


PRINCETON, N.J. 
June 7, 1915 


* Contributions from the Princeton Observatory, No. 3. 

















AN ADAPTATION OF THE KOCH REGISTERING MICRO- 
PHOTOMETER TO THE MEASUREMENT OF THE 
SHARPNESS OF PHOTOGRAPHIC IMAGES' 


By ORIN TUGMAN 


A photometer for measuring the brightnesses of small areas has 
been desired for some time in the study of the intensities of spectral 
lines and in the investigation of the properties of photographic 
plates. The Hartmann microphotometer has served this purpose. 
But the most recent apparatus of this kind is the Koch? registering 
microphotometer, which eliminates visual observation by register- 
ing on a photographic plate the readings of the instrument. This 
paper gives an account of the adaptation of this apparatus to the 
measurement of the sharpness of photographic images and a state- 
ment of the limitations and necessary corrections which have been 
found in using Koch’s photometer in the investigation of photo- 
graphic resolving power. 

The Koch registering microphotometer was originally designed 
to measure the densities of the developed photographic images of 
spectral lines, but as the apparatus was used by Koch, and by King 
and Koch,} no attention was given to the resolving power of the 
apparatus. In many cases inattention to this point will lead to 
incorrect conclusions drawn from the shape of the registered curve. 
This apparatus has been adequately described in the papers referred 
to above, but a brief description here may not be out of place. 

The developed negative is passed under an illuminated slit over 
which is an objective of a microscope which carries a second slit 
in the focal plane of the objective as shown in Fig. 1. The current 
generated by the incident light in the photo-electric cell C charges 
the silvered quartz fiber Q of a string electrometer. The movements 
of the quartz fiber are registered on a falling photographic plate by 
throwing an image of the fiber on the photographic plate by means 

*Communication No. 27 from the Research Laboratory of the Eastman Kodak 
Company. 

2 Annalen der Physik, 39, 705, 1912. 3 Astrophysical Journal, 39, 213, 1914. 
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of a microscope and a cylindrical lens. A clockwork moves the 
original negative under the illuminated slit and simultaneously 
drops the registering photographic plate at a constant speed. One 
source of light serves to illuminate cell C, and at the same time cell 
C., which affords an adjustable leak to earth for the current charging 


the quartz fiber. 
HH 
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By assuming that the movement of the quartz fiber is propor- 
tional to its potential, an equation is obtained giving the relation 
between the distance moved and the intensity of the illumination 
on the photo-electric cells. Under the working conditions of the 
apparatus it is assumed that the current through a photo-electric 
cell is proportional to the intensity of the illumination on the 
photo-electric surface and the difference of potential between that 
surface and the sealed-in electrode. This is in accord with known 
facts. 

Let V,, V., and V be the potentials of cell 1, cell 2, and the quartz 
fiber respectively, and let L, and L, be the respective illuminations 
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on the cells 1 and 2. Ina state of equilibrium the current through 
cell 1 is equal to the current through cell 2. Therefore, we may 
write 
K,L,(V+V,)=K,L.(C—V.), 

where K, and K, are constants. It is seen that when L, is zero the 
potential of the fiber V is V., which is the potential acquired by the 
photo-electric surface when illuminated. 

The relation between the distance x moved through by the 
quartz fiber and the potential V was determined experimentally by 


Deflection 





Potential of quartz fiber volts 


Fic. 2 


illuminating cell C, and applying different potentials to the quartz 
fiber. This relation is shown graphically in Fig. 2. Obviously, 
there is not a linear relation between the movement of the quartz 
fiber and the intensity of the illumination on the cell C. 

The use to which the Koch registering microphotometer was put 
in the Research Laboratory of the Eastman Kodak Company was 
to measure the sharpness of photographic images in an investigation 
of resolving power of photographic plates. A carefully ground 
knife-edge was placed on a photographic plate and the whole 
exposed to a beam of parallel light. The developed negative was 
passed through the Koch photometer to obtain a curve giving the 
falling off in density from the edge of the image. 
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On an ordinary photographic plate the distance at the edge of 
such an image between maximum and minimum density is less than 
50 uw and in many cases not over 104. It was necessary, therefore, 
to use a microscope of greater magnifying powers than that supplied 
with the Koch apparatus. The upper slit of the microscope should 
not cover more than one-fifth of the total width of the image of the 
photographic edge. Accordingly, a 4 mm objective was placed in 
the microscope and the upper slit was adjusted to cover 10 u of the 
object. In this arrangement the lower slit under the objective was 
not used. It was found, however, that the apparatus was not 
sufficiently sensitive on account of insufficient light on the cell C,. 
To overcome this difficulty the Nernst filament was replaced by an 
arc light, and a microscope condensing lens was placed under the 
plate carrying the negative. A condensing lens in front of the arc 
cast a parallel beam on an inclined mirror under the microscope 
condenser. In this way a powerful beam of light was concentrated 
on the object. A water cell in front of the arc prevented burning 
of the emulsion film. A piece of plain glass in the path of the paral- 
lel beam reflected sufficient light on the cells C, and C;. With this 
arrangement the photo-electric cells operated the quartz fiber across 
its complete range of movement. 

After these alterations it was found that the relative motion of 
the registering photographic plate and the negative under measure- 
ment was too small. It was necessary to alter the clock mechanism 
so the registering plate could have a maximum speed of one thou- 
sand times the speed of the plate carrying the negative. 

With the apparatus so altered and the slit in the microscope 
adjusted to cover 10 yw of the object, it was considered necessary to 
determine the correction due to the width of the slit. This point 
has not been discussed in the previous papers published on the 
Koch photometer. 

Obviously, the best method of measuring the slit-width correc- 
tion is to make a record of a sharp knife-edge. A Gillette razor 
blade fastened by soft wax to a microscope slide was passed under 
the microscope, care being taken to set the razor edge parallel to 
the edge of the slit. It is easy to predict the shape of the record 
under such circumstances. The record should be a straight line 
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across the plate at an angle depending on the relative speed of the 
registering plate and the razor edge. If the slit covers 5 u and the 
movement of the edge is multiplied one thousand times, one end of 
the straight line on the record should be displaced just 5 mm farther 
along the plate than the other end. This should be the result inde- 
pendent of the amplitude of the motion of the quartz fiber. The 
kind of record actually found is shown in Fig. 3. 











Fic. 3 


Under the conditions named above with a 5 yu slit the record 
made with a razor edge had a slope much greater than calculation 
would indicate. A record was made with the slit covering 2.5 « and 
also covering 10. In all three cases the straight-line slope was 
constant, when first consideration would indicate that the slope of 
such a curve should vary inversely as the width of the slit. When 
the width of the slit covered about 15 y, the slope of the line began 
to change as the slit-width increased. Thus, the maximum slope 
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of the line was such that one end was 0.15 mm farther along the 
plate than the other. 

A-search for the cause of these results revealed that a pinhole 
image was being formed on the photo-electric surface by the slit in 
the microscope barrel. That this is a fact could be demonstrated 
by holding a piece of ground glass above the microscope and moving 
the razor edge under the microscope objective. An image of the 
razor edge could be seen moving out from both sides of the slit, 
one evidently being that cast by the objective on the slit, and the 
other image being that made by the slit on the screen. One might 
expect this pinhole image of the last surface of the objective to be 
formed by the slit. Then a decrease in the intensity of the light 
falling on the photo-electric surface would begin as soon as the 
razor edge began to pass under the objective and would continue 
until the objective was entirely covered. But the effect of the pin- 
hole image is small compared to the passing of the objective image 
across the slit, and it is only when the slit is small that anomalous 
results appear. 

It will be seen that a serious error is introduced if measurements 
are made on a density-gradient which extends over a distance of 
only about 30 yu, that is, about twice the width of the slit in the fo- 
cal plane of the objective. During the time the slit is being covered 
and until the slit is completely covered, the record cannot be a true 
register of the density-gradient. Also, when the maximum density 
of the negative begins to pass, the record is erroneous. It is only 
when the slit is completely covered by the image that a true record 
is possible. Moreover, any irregularities of breadth less than 15 u 
in the density-slope will be incorrectly registered. The curve for 
a very fine spectral line would be too narrow at the points of maxi- 
mum density. If the density-slope is long compared to 15 yu, the 
error grows less. This applies, however, only to the case where a 
4mm objective is used. 

The difficulty mentioned above comes from the absolute value 
of the slit-width. If the magnification is less, the width of the slit 
cannot be less in actual measure because of the pinhole image 
formed. With the 4 mm objective giving a magnification of 50 the 
actual width of the slit was 0.75 mm, covering 15 u of the object. 
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Therefore, with a magnification of 25 the slit would still beo.75 mm 
wide and cover 30u of the object. The resolving power of the 
apparatus is limited by the magnification of the microscope objec- 
tive and not by reducing slit-width to less than 0.75 mm. 

As was pointed out above, the top and bottom of a registered 
curve will be in error over a distance depending on the slit-width d, 
magnification m, and relative speeds of the registering plate and the 
negative under measurement. This may be 





expressed a, 


ds a 


R is the actual distance parallel to the verti- 
cal side of the registering plate, through 
which the curve is in error. 

For a registered curve of a density- 
gradient extending over narrow limits the 
corrections are such that their application 
becomes laborious. In such cases it is 
doubtful if the record is sufficiently accurate b 
to admit the correction. Consider a slit, Fic. 4 
Fig. 4a, and a wedge passing under, cutting ¢ Slit and wedge 

. . . b. Curve for light-trans- 
off light from below. Suppose the light mieden of wale 
transmitted by the wedge is some function 
f(x) of x, where x is measured from the point of the wedge. The 
light ZL. passing through the slit is 








L,=B(A =2)+ {fled 


The equation L,=6(A—x) applies for opaque edge passing the slit 
if light diffracted around the edges is neglected. $=constant. 


L,—L= {. fla) 


is an equation giving the total light transmitted by the wedge at 
any position. After reducing the ordinates of the registered curve 
by (A—«) and plotting another curve, the true light-transmission 
of the wedge can be obtained by taking the difference of any two 
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adjacent ordinates and dividing by the difference in abscissae, as 
shown in Fig. 40. 

Calibration of the electrometer scale was made by passing under 
the microscope, while the registering plate was in motion, a photo- 
graphic negative bearing a series of densities. The record made 
was an irregular stair-step trace on the registering plate. Fig. 5 
shows a type of the calibration-curve. Obviously, the slope x and 
shape of this curve will be altered by changing the tension of the 
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Fic. 5.—Calibration-curve 
I. Density measured by spectral transmission 
II. Density measured by diffuse transmission 


fiber, the adjustment of the electrometer plates, and relative illu- 
mination of the photo-electric cells. However that may be, it is 
most essential to know how the densities used for calibration are 
measured. It must be remembered that a photographic negative 
is a light-diffusing medium and the value of the measured density 
of such a material depends on whether the measurement is made 
with diffuse or specular light. The beam of light passing through 
a negative into the microscope of the Koch instrument is practically 
all due to specular transmission. Furthermore, the percentage of 
diffusion produced by a negative is a function of the size and num- 
ber of silver grains in the gelatine layer. It is necessary, therefore, 
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for correct calibration that the calibrating densities be from the 
same emulsion as the negative being measured, and also that the 
densities be measured by specular transmission. The calibration- 
curves when made from densities measured by diffused and specular 
light are seen in Fig. 5. There is very nearly a constant ratio 
between the two curves throughout the entire range, but this con- 
stant ratio would not be the same for all kinds of negatives. 

The shape of the calibration-curve shows that for high densities 
the accuracy of measurement is greatly decreased. This feature of 
the apparatus is a disadvantage in investigating the sharpness of 
photographic images of high density. Koch claimed in his original 
paper on this apparatus that the relation between movement of the 
quartz fiber and the density of the negative was nearly linear within 
a limited range. The curves here verify that statement. 

Measurements on the relative energies of the spectrum lines 
were made by King and Koch with this registering photometer. 
The negatives were made with an exposure which did not produce 
a density too great for the apparatus to register with reasonable 
accuracy. The area of the curve obtained was taken as a measure 
of the energy of the line. 

The use of photographic plates for recording the distribution of 
energy of a spectrum line was investigated by Koch." He calibrated 
the Hartmann microphotometer with a series of densities made with 
a known series of exposures. A method more in line with the sys- 
tem usually adopted in measuring the light-sensitiveness of photo- 
graphic plates has been outlined by Mees.? 

In the system of sensitometry of photographic plates developed 
by Hurter and Driffield,’ the density is plotted against logarithm 
of exposure, and the curve obtained is in general like Fig. 6. Here 
density is defined by the equation 


I; = I,(10) , 
where J, is incident light on the negative and J, is transmitted light. 


With different periods of development the straight part of the curve 
will swing about a point on the axis of log E indicated by producing 


* Annalen der Physik, 30, 84, 1900. 2 Knowledge, 33, 417, 1910. 
3 Jour. of Soc. of Chem. Industry, May 1890. 
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the straight line until it cuts the axis of log E. The slope of this 
straight portion increases with development up to a maximum value 
depending on the character of the emulsion. The maximum slope 
for any plate is different for different wave-lengths of light. More- 
over, the other points of the curve will have a shape depending on 
wave-length of exposing light. 

After the ordinates of the registered curve of the Koch micro- 
photometer have been reduced to densities, the exposure required 
to produce these densities can be determined from a sensitiveness- 
curve such as is shown in Fig. 6. 
This can be done only if the 
sensitiveness-curve and the origi- 
nal negative are made from the 
same kind of plate exposed to the 
same monochromatic light and 
developed in the same developer 








I penta for equal periods. Inasmuch as 
} : the maximum density which can 

Log exposure be correctly registered by the 

Fic. 6.—Sensitiveness-curve Koch instrument is not much 


over 1.5, an important part of 
the exposure must be down on the toe of the curve and off the straight 
part. This destroys the complete linear relation between the 
deflection of the electrometer fiber and the logarithm of exposure. 
The area of the curve made by the Koch instrument cannot, there- 
fore, be a measure of the energy of the spectral line. However, 
within the straight part of the sensitiveness-curve and also within 
the straight part of the calibration-curve of the Koch photometer 
the deflections of the electrometer fiber are proportional to the 
logarithm of the intensity. 

From the foregoing paragraphs it is seen that this registering 
microphotometer is a useful instrument only for certain classes of 
work where the corrections do not apply. It is hoped that the 
foregoing account will be of service to others interested in micro- 
photometry and in the properties of photographic plates. 

RESEARCH LABORATORY, KopAK PARK 


RocHESTER, N.Y. 
July 16, tors 











THE RESOLVING POWER OF PHOTOGRAPHIC PLATES" 
By ORIN TUGMAN 


The resolving power of photographic plates has hitherto been 
investigated by methods which have been suggested by general 
definitions. The distance between two closely adjacent images 
when developed being a measure of resolving power, it has been 
considered sufficient for a practical test to photograph the reduced 
image, formed by a highly corrected lens, of some fine-lined structure 
and determine what lines are resolved. For this purpose Mees has 
devised a fan-shaped test-object having alternate black and white 
sectors of about ten degrees in angle. The photograph of the 
reduced image is examined with a microscope to determine the 
resolution. In this test the accuracy of the measurement rests 
upon personal judgment of the separation of two lines. 

From theoretical considerations Wadsworth? arrived at the 
conclusion that two lines can be resolved if the distance between 
their centers is four times the diameter of a silver grain in the 
emulsion. It is evident that Wadsworth did not take account of the 
lateral spreading of the light in the emulsion and of the raggedness 
due to the random distribution of the silver grains. As a result 
the statement applies only to a non-diffusing medium whose light- 
sensitive material is in the form of discrete particles distributed 
at random. But such a non-diffusing medium does not exist. 

Wadsworth’s theory and the scattering of light by different 
emulsions has been investigated by Mees. The resolution of the 
plate was measured by photographing the reduced image of a black 
and white line grating and examining the plate to determine what 
lines were resolved. The scattering of the light at different expo- 
sures was shown by photographing an illuminated slit covered with 
a black wedge which admitted light varying in intensity from one 
to sixty along the length of the slit. The image of the slit was 

*Communication No. 28 from the Research Laboratory of the Eastman Kodak 
Company. 

2 Astrophysical Journal, 3, 188, 1896. 3 Proc. Roy. Soc., 83 A, 10, 1909. 
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reduced about twenty-two diameters. At that end of the image 
which received the most light there is the greatest amount of 
spreading. This makes the developed image of the form of a tad- 
pole. The conclusions drawn by Mees are: “The resolution of a 
photographic plate is dependent upon the amount of irradiation 
displayed by that plate. The irradiation is not directly propor- 
tional to size of grain, but is caused by two different forms of scatter 
arising from reflection and diffraction. The resolving power is 
likely to be much smaller than that indicated by the theory of 
Wadsworth.” 

The rate of spreading of a photographic image has been investi- 
gated by Scheiner,’ who showed that the increase of the size of an 
image increased as the logarithm of the exposure. Later, Mees’ 
obtained similar results. The reduced image of an illuminated pin- 
hole was photographed and measured. This general method has 
been followed by Goldberg,? who made contact prints through 
conical holes in a metal plate. The holes were made and arranged 
so as to insure good contact with the emulsion surface. 

Goldberg represented his measurements by a set of curves, 
reproduced here for discussion (Fig. 1). The increase in diameter of 
the circular image is plotted against the exposure measured in 
threshold units. The curve so obtained is called the turbidity- 
curve and the slope at any point the turbidity-factor. The experi- 
ments demonstrated that the turbidity-curve is not dependent 
on development or size of the opening through which the print is 
made but is dependent on the physical characteristics of the plate. 

It is seen that the slope of the curves changes with exposure, 
indicating that the turbidity-factor increases with exposure. 
However, the slope is not consistent with the relation between 
spreading of the image and exposure found by Scheiner and Mees. 
A few readings upon the curves will show that the increase in diam- 
eter is not proportional to the logarithm of exposure. The increase 
in diameter plotted against log exposure is not a straight line, as it 
should be if the logarithmic law is true for a wide range. 

<a Photographie der Gestirne, Leipzig, 1897. 
2 Astrophysical Journal, 23, 81, 1911. 
3 The Photographic Journal, November 1912. 
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Goldberg’s results are in accord with those of previous investi- 
gators, in that he finds the spreading of the image does not depend 
on the size of the grain of the plate. However, he finds that a grain- 
less Lippmann plate shows no measurable increase whatever of the 
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Exposures in threshold values 


Fic. 1.—Drawn from Goldberg’s curves (The Photographic Journal, 36, 1912) 


1. Lippmann plate 4. Portrait plate 
; 2. Transparency plate 5. Double-coated plate 
3. Sigurd moment-plate 6. Bromide paper 
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diameter, while the coarse-grained, highly sensitive portrait-plate 
exhibits strong spreading. But the very fine-grained bromide 
paper and the high-resolution plate of Wratten and Wainwright, 
chemically developed, spread the imprinted disk very greatly 
indeed. 

The turbidity-factor was identified by Goldberg with the recipro- 
cal of the light-gradient measured laterally from the image. Let 


x be the distance of any point a short distance from the edge of the 


“ . . ° r . sc af = —dx 
disk and J the intensity of thelight. Then, 6 is defined 6= d(log I) 


by differential calculus. If D is photographic density, then the 
d 
photographic factor y = a, , which is the slope of the curve of 


sensitiveness obtained by plotting densities against log exposure. 
The factor of sharpness S is defined as the slope of the curve made 
by plotting density against distance out from the edge of the image, 
and that S= — 
dx 
sharpness-factor is equal to the development-factor divided by the 
turbidity-factor.”’ 
Now the question arises: Is Goldberg’s turbidity-factor as 


Therefore, he has s=t. “In words, the 


—d. 
defined by Hor D the same as the slope of his turbidity-curve ? 


A little consideration will show these two definitions to be incon- 
iis 1)’ the reciprocal of the light- 
gradient, is large, the rate of spreading will be large for plates of 
equal sensitiveness. But the light-gradient cannot be a function of 
the time of exposure, as is indicated by one of the two definitions 
of the turbidity-factor. When the exposure begins, the light dis- 
tributes itself through the emulsion in all directions in a manner 
depending on the physical structure of the emulsion. During the 
exposure this distribution of light must remain unchanged. So 
far as we know the exposed grains do not reflect or scatter any 


more or less light than unexposed grains. Therefore, there is no 


* dx 
reason to argue that the turbidity-factor as defined by d(log I) 


sistent. In general, when 
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changes with exposure. In fact, the slope of Goldberg’s turbidity- 


dx : ; 
curve and the factor dog 1) are not identical. 


According to Goldberg’s statement the edge of the enlarged 
disk is not sharp, and there is a gradual shading off of density. 
This makes the determination of the diameter a matter of difficulty. 
If, however, one measures out to a constant density on all the images 
the rate of spreading could be measured. Now, suppose this is 
done. Let us write the function f(x) giving the relation between 
log I and distance x from the edge of the opening 


log J=f(x). (1) 


Our relation between density D and exposure for the straight part 
of the Hurter and Driffield sensitiveness-curve is 


D=log I+B. (2) 


We can therefore write 
D=f(x)t+ B=Constant. (3) 


If we measure out along the diameter to the same density in all the 
images on the same kind of plate and plot a curve between exposure 
and x, the slope of the curve is given by differentiating x with 
respect to ¢ in (3) 

dx f(x)dx 


dt df(x)t’ 
which is the slope of Goldberg’s turbidity-curve. 

It is obvious, therefore, that Goldberg’s method of measuring 
the spreading of an image does not give a measure of the light- 
gradient. 

Besides the discrepancy between Goldberg’s theory and results 
there are objections, to the circular aperture used by him. With a 
small circular hole the light is spreading out radially, and conse- 
quently the spreading of the image is not under the conditions which 
would be imposed by a straight-edge. However, the use of a 
circular aperture would impose the conditions experienced in photo- 
graphing stellar images, but would not compare with conditions in 
photographing fine-lined structures. Moreover, reflection of light 
from the sides of the conical opening in the metal plate would be a 
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source of error. The image of a straight-edge would represent more 
general corrections, but with the disadvantage of not permitting 
the exact location of the edge on the image. 

The use of a straight-edge in investigating resolving power of 
photographic plates has been described by Nutting.‘ He found 
that by carefully cleaning and setting a steel blade on the surface of 
an emulsion all traces of diffraction under the edge could be elimi- 
nated. The photographic images obtained were examined under 
a microscope and the density-gradient plotted. For densities less 
than unity there was a raggedness of the edge due to the random 
distribution of the silver grains. The shading off became more 
apparent with densities greater than 1, and at about a density of 
2 the density-gradient appeared to reach a fixed value. In general, 
the density-gradient increased with decrease of the size of the silver 
grains. In cases where this rule did not apply, that is, with fine- 
grained emulsions and least diffusing, yet showing low density- 
gradients, the photographic gradient was also low. Those plates 
having a long, low slope in the sensitiveness-curve made by plotting 
density against log of exposure show a low density-gradient. 
Nutting pointed out that density-gradient can be written 

dD dD _ d(log E) 
dx| d(log E) dx 
by simple differentiation, where E is exposure. 
d(log E) 
— 





Inasmuch as 


= i iff c ~3tau7 cc rn - 
d(log E) is the slope of the Hurter and Driffield sensitiveness-curve, 
which becomes steeper with development, it was argued that 


density-gradient should increase with development at the same 


is independent of development and 


rate as Hiei" The experimental work described in this paper 
was a measurement of the density-gradient for the purpose of deter- 
mining, if possible, the relation between the other factors of the 
equation. 

The straight-edge used for the photographic images was made 


by cutting a secant strip from a nickel cylinder and carefully grind- 


* Photographic Journal, June 1914. 
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ing theedges. A cross-section of the metal strip is shown in Fig. 2, a. 
This edge was placed on a strip of plate about one inch wide and 
the plate exposed to a parallel beam of monochromatic light. After 
exposure the plate was cut in two strips and each part developed 
for a different time. It may be noted here that all plates were 
well backed before exposure. 

The Koch registering microphotometer was used to measure the 
density-gradient as described in the paper on that instrument 
published in this Journal.* “The difficulties encountered were such 
as to necessitate the use of some other apparatus. 











Lo) 1S 4 


Fic. 2 


a. Cross-section of metal strip 
b. Polarization photometer 


On account of the number and uncertainty of the corrections 
which are necessary to the curve registered by the Koch micro- 
photometer it was considered necessary to seek for other means 
of measuring the density-gradient. For this purpose a Kénig- 
Martens polarization photometer was adapted. A sketch of this 
apparatus is shown in Fig. 2,6. This instrument was used to measure 
the image of the photographic edge thrown by a microscope on a 
piece of flashed opal glass placed over the holes h, #. On the opal 
glass on the side next to the microscope was a metal screen having 
two small parallel slits. Each slit passes over a diameter of one 
of the holes 4, hk. The photometer was mounted on a carriage 
which could be shifted by means of a micrometer screw in a plane 
at right angles to the axis of the microscope. The magnification was 
adjusted to suit the case by changing the distance between pho- 
tometer and microscope or by changing the lens system of the micro- 
scope. A coarse-grained negative required a low magnification, 


' This number, p. 321. 
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because otherwise the photometer would be measuring the density 
of the individual grains. 

This apparatus avoids the complication arising from the pin- 
hole image found in the Koch instrument. Also, the resolving 
power of the Kénig-Martens photometer can be adjusted within 
wide limits, so that the correction for slit-width is practically nothing 
in all cases. However, there is one difficulty which was also found 
in the Koch microphotometer. The readings for densities which are 
above 1.5 are erroneous, in that the instrument gives the same read- 
ings for all densities about F5. But below this value a calibration 
showed the instrument to be correct within the limits of observa- 
tion. The trouble undoubtedly comes from light scattered in the 
microscope system. 

The results of these measurements are shown in Figs. 3, 4, 5, 
and 6. The maximum density is indicated in Fig. 3. This was 
obtained by measuring the density on a Kénig-Martens photom- 
eter without the microscope attachment and continuing the curve 
to the proper value. In the other curves this maximum density 
is not indicated, because the curve as made gives sufficient length 
to determine the slope. Each pair of curves was made from differ- 
ent exposures and each member of the pair was given a different 
developmient. 

An explanation of the departure of this result from that expected 
from theory may be found in the penetration of the developer. 
The top layer of the emulsion is developed first and as development 
proceeds the layer of reduced silver becomes thicker. The photo- 
micrographs in Plate VI, a and b, show the penetration of a metol- 
hydrochinon developer. These sections were swelled out with water 
before photographing. The density-gradient, therefore, for long 
development would extend over a greater distance but would not be 
steeper than for short development. 

The variation of density-gradient with wave-length of exposing 
light may be explained by the difference in optical opacity of the 
emulsion for different wave-lengths. The variation of photo- 
graphic gradient is not enough and not in the right direction to 
account for the variation of resolving power with wave-length. 
In general, the sensitiveness-curve of a plate exposed to green light 




















‘SINDIO BSVWIT BY} JO BZpa oy} say P ‘APPAIQIEdSaI SOINUIWE ON} 
yuiod yw sureiZ ay) jo uOoIgNqiysIp ZuLmoys pue aay ‘iadojaAap uourysoapAyjojow ev jo uO 


‘ —~ 
W]Y UOIS]NUWa JO UOI}IAS-ssoay =p pur I -vijaued Surmoys sydeiZoiowo0joyg ‘¢ pur D 


~ 














IA ALVId 






































RESOLVING POWER OF PLATES 339 


is steeper than the curve of the same emulsion exposed to violet 
light. Also, the depth of penetration of green light is greater than 
that .of shorter wave-length. Therefore, if the optical opacity 
for the long wave is less than for the short waves the light-gradient 


Density 





1 division= 10 microns 


Fic. 3.—Seed ‘‘Process” plates exposed to green light. Equal exposure, but 


varying development, i.e., . 
1, developed 2 minutes 


1-A, developed 5 minutes 


in the emulsion film will be less steep for green light than for violet 
light, and, consequently, there will be more spreading of the image 
made by green light. The larger value of the photographic gradient 
is overbalanced by the lower value of the light-gradient. This 
explanation assumes that the scattering of the light by the silver 
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halide grains does not vary appreciably with wave-length. This 
assumption is justified by the fact that it is the short waves which 
usually are scattered most by heterogeneous media and on this 
account the resolving power of a photographic plate should be 
greater for long waves than for short waves. Further evidence 
that the opacity of the emulsion is a more important factor in the 
light-gradient than the diffusion is given in the curves 4, 4 A of 
Fig. 4. A “Process” plate was immersed in a yellow dye and 
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1 division = 10 microns 


Fic. 4.—Seed “Process’’ plates exposed to violet light. Equal exposure, but 
varying development, i.e., 
1, developed 2 minutes 
1-A, developed 5 minutes 
4 and 4-A, plates bathed in yellow dye previous to exposure 


exposed to violet light. In this case the diffusion could not be 
changed, but the opacity was increased with a corresponding 
increase of resolving power. 

The curves in Figs. 3, 4, and 5 are all from images exposed and 
developed within the range of ordinary working conditions. A 
long exposure will show the distribution of the light in the emulsion 
as explained in the first part of this paper. The curves for long 
exposures are in Fig. 6. Here there is a decided change in the 
density-gradient with development. If the exposure could be 
timed just right, a density-gradient could be obtained showing 
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the very beginning of the curve to grow steeper with long develop- 
ment. It appears, then, that in ordinary exposure the lateral 
spread of exposure is not sufficient to permit the density-gradient 
to become steeper with prolonged development. 

A cross-section of the emulsion film (Plate VI,c and d) at the point 
where the edge of the image occurs shows the distribution of the 
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Fic. 5.—Seed “30” plates 
1 and 1-A, exposed equally to violet light, but developed 2 and 5 minutes 
respectively. 
2 and 2-A, exposed equally to green light, but developed 2 and 5 minutes 
respectively. 


grains at this point. It is seen that the greatest spreading occurs 

at the top of the film. This distribution suggests that the intensity 

of the light in the emulsion at any point is given by the equation 
T=Ice*(# +9) 

where x is the distance down through the emulsion and y is the dis- 


tance out from the image and measured from the region of uniform 
exposure. The validity of this equation is supported by previous 
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investigations on the absorption of light in heterogeneous media. 
The logarithmic character of the law of light-absorption in such 
media was shown theoretically by Nutting’ and experimentally 
by the writer.” 

A study of these overexposures opens a way for the determina- 
tion of the exposure-gradient. Goldberg’s investigation was essen- 
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1 division= 10 microns 
Fic. 6.—Seed “30” plate, over-exposed to violet light 


1, developed 2 minutes 
1-A, developed 5 minutes 


tially a study of overexposures, but his methods failed to reveal 
the nature of the factor desired. On some points, however, the 
investigation will be similar to Goldberg’s procedure. 

It was pointed out above that exposures do not affect this dis- 
tribution of light in the emulsion and that spreading of the image 
results from the diffused light having time to expose the adjacent 
sensitive material. If the exact position of the knife-edge on the 
emulsion can be located and the density is measured at a given 


t Phil. Mag. (6), 26, 423, 1913. 2 Tugman, Photographic Journal, June 1914. 
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distance from that edge for various exposures and developments, 
the true value of the exposure-gradient can be found by referring 
these densities to a sensitiveness-curve of the emulsion being 
investigated. Two parallel knife-edges placed at a known distance 
apart on a photographic plate would permit an exposure over a 
rectangular area. The density-curve taken across such an exposed 
area would show the falling off of density on both sides and the 
position of the knife-edges with respect to the exposed area. This 
is a subject for further experimental work. 

The writer is indebted to Dr. C. E. K. Mees and Dr. P. G. 
Nutting for their interest and suggestions in this investigation. 

ROCHESTER, N.Y. 

July 22, rors 








THE VARIATION WITH TEMPERATURE OF THE 
ELECTRIC FURNACE SPECTRA OF 
COBALT AND NICKEL!’ 


By ARTHUR S. KING 


The treatment in this paper of the electric furnace spectra of 
cobalt and nickel follows the method previously used for the 
spectra of iron,’ titanium,’ vanadium and chromium,‘ the lines 
being classified according to the temperature at which they first 
appear and their rate of increase in intensity as the temperature 
rises. The range of wave-length covered extends from below 
d 3000 to about A 7100. 


APPARATUS AND METHODS 


The operation of the tube resistance furnace in vacuo has 
been described in former papers. The spectrum was photographed 
with a 15-ft. concave grating in the vertical spectrograph.’ The 
second order (scale 1 mm=1.85 A) was used as far as \ 5200, and 
the first order from this point to \ 6700, a few lines at the red end 
being recorded on films taken with a 1-meter concave grating. 

The three temperatures on which the classification of spectrum 
lines is based were given by a Wanner pyrometer as 2000-2100" C. 
for the low-, about 2300° C. for the medium-, and 2500~2600° C. 
for the high-temperature plates. A meager spectrum, consisting 
of the stronger low-temperature lines of both elements, mainly 
in the blue region, was obtained as low as 1850°.C. 

The metallic cobalt and nickel used in the furnace were highly 
purified preparations by Kahlbaum, each of them showing but a 
trace, spectroscopically, of the other element. As the furnace tubes 
were of regraphitized Acheson graphite, there was little disturbance 

* Contributions from the Mount Wilson Solar Observatory, No. 108. 

2 Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 

3 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 

4 Mt. Wilson Contr., No. 94; Astrophysical Journal, 41, 86, 1915. 

5 Mi. Wilson Contr., No. 84; Astrophysical Journal, 40, 205, 1914. 
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from impurity lines, the main trouble from this source being the 
strong carbon bands given at the higher temperatures. 


EXPLANATION OF THE TABLES 


W ave-lengths—The wave-lengths in Tables I and II are those 
given by Exner and Haschek’ for the arc spectrum, supplemented 
occasionally by those of Hasselberg,? designated by ““H”’ usually in 
cases where close doublets were not resolved by Exner and Haschek. 

An asterisk after the wave-length denotes that an explanatory 
remark for the given line is to be found at the end of the table. 

The sign { indicates that the estimates of intensity for the line 
in the furnace spectrum are disturbed by the presence of a band 
spectrum, this being usually one of the heads of the “Swan spec- 
trum” of carbon, though a banded structure farther in the red, 
whose origin has not been definitely fixed, interfered with a few 
lines. 

Arc intensities —These were estimated by the writer from spec- 
tra given by the purified cobalt or nickel in the carbon arc, the 
exposure being timed to produce as distinct intensity contrasts as 
possible. Nebulous lines, occurring for the most part in the nickel 
spectrum, are indicated by “n” after the intensity value. The 
letters ‘““R” and “‘r,’’ both for arc and for furnace lines, indicate 
complete and partial self-reversal, respectively. 

Furnace intensities—The columns devoted to the intensities 
of furnace lines give the relative strength as estimated for each 
temperature, a line distinctly outlined on the plate being given 
the intensity ‘‘1,’’ a fainter appearance being indicated as a trace, 
“tr”. There is usually a decided difference in appearance between 
lines in the furnace at different temperatures, and also between 
furnace lines and those of the arc, but the relative change of differ- 
ent lines with increase of temperature is shown in the tables. 

Classification.—The method of assigning lines to the classes 
given in the last column of Tables I and II is the same as for the 
spectra previously treated. Class I lines are relatively strong at 


* Spekiren der Elemente bei normalem Druck, Leipzig, 1911. 


2 Kgl. svenska vet. akad. handl., 28, 1896; see also Kayser, Handbuch der Spectro- 
scopie, §, 310; 6, 172. 
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low temperature and strengthen slowly at higher temperatures. 
Class II lines appear at low temperature, but strengthen more 
rapidly than those of Class I as the tube becomes hotter. The lines 
of Class III are absent or faint at low temperature, appear at 
medium temperature, and are usually considerably stronger at 
high temperature. Class IV lines appear at the highest furnace 
temperature, sometimes faintly at medium temperature; while 
those of Class V are usually absent in the furnace, or if present 
are faint compared with the arc intensity. Arc lines below a 
certain minimum intensity are not entered in the tables unless 
they appear also in the furnace. 

The use of “A” after the class number indicates that the line in 
question is relatively weak in the arc, being usually not more than 
half as strong as in the high-temperature furnace. 


LEADING CHARACTERISTICS OF THE FURNACE CLASSES 


Class I.—The lines of this class are of a well-defined and fairly 
uniform type. With few exceptions, the scale adopted gives them 
nearly the same intensity at the three furnace temperatures and 
in the arc, while the lines of other classes decrease with varying 
degrees of rapidity from high to low temperature. A large pro- 
portion of the Class I lines are of moderate strength and unreversed. 
These are very similar in appearance at all furnace temperatures. 
A considerable number, however, reverse at high and sometimes 
at medium temperature, while at low temperature the lines are 
sharp but still strong. A few lines of this class maintain their 
strength at low temperature to an unusual degree, these coming 
out strongly at the lowest temperature at which the vapor radiates. 
In general, however, the higher temperatures do not seem to be at 
a disadvantage in producing the low-temperature lines, the rule 
prevailing that a line strong at low temperature is strong at all 
temperatures; though in the case of Class IA lines it may be 
weak in the arc. The question arises whether, when the furnace 
is operated at high temperature, the Class I lines may be radiated 
chiefly by the cooler vapor which is doubtless present near the ends 
of the tube. This seems improbable since’ the ratio of exposure 
times for high and low temperature is of the order of 1:50, so that 
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FURNACE FURNACE 
A ane “eet 

ND R : | CLAss EXNER AN . LASS 

gm = High ry Low | yore — High — Low _ 
Temp. Temp.| Temp.| Temp. Temp. Temp. 

og02.37....j 1 I Fig, eB | IIT 3104.12*...| 5 5 4 tr | Ill 
2987.28....| 15r | 15R] 1or 5 |i | 3106.03.. 3 3 3 I II 
2989.70....| 15r | 15R| ror | °5 I 3106.22.. I 3 2 tr | IIA 
2996.67....| 1 Wy Meaty Seen IV 3107.15.. 3 3 a Ae Il 
2999.84....| 1 os ees Nae IV || 3107.65.. I Te Aswange fran IV 
3000.66....) 7 Ir 3 2 /II 3109.60. 4 3 i dione Ill 
3005.86....] 3 2 SS ee III 3110.12.. 5 3 @: Basa Ill 
3013.70....| 8 1or 6r 2 |i 3110.94. 5 4 4 s 25 
301§.77...-| 3 3 Be Rivets Ill 3III.45.. 2 I ee ae Ii 
eee I “ee Bea Ill 3113.58.. 6 6 4 I Ill 
go017.66....| 15r | 1§R] tor 3 II 3118.35.. 5 8r 5 3 | 
$022.47....1 3 2 i pee llr 3118.76.. I 4 3 I IIA 
3026.49....| 6 3 2 tr | III 3121.54.. 10 12R} tor 5 II 
3031.43....| 2 I a ey Ill 3121.69... 10 12R} ror 5 II 
3034.55....| 6 6r | 4 2 iil 3126.60.. I Sh Pree oa IV 
3038.42....| 2 2 se BASS III 3126.85. 4 3 ee PS It 
3039.06. . 3 2 ae III 3t27.35.. 7 8r 6 ie 
3040.93....| 1 UR RPS eer IV 3129.10.. 3 5 5 2 | 
3042.60....| 8 1or 5r 2/0 3129.57.. 3 3 ‘ee Se Ill 
3044.11....| 30R| 30R/ 20R| ror | II | 3131.96.. I “Fe ee Pee IV 
3048.21....| 2 “Ee RR See IV | 3132.33. 4 6r | 6 3 | Il 
3049.00....) tar | 12R| 8r 3 II | 3136.81. 5 6r 3 2if 
3050.64....] 3 2 ye ARES Ill SES7.30: ..<1 2 I  idiat<s - 
3054.84....| 4 5 3 2 II * 10 10oR; 8r 5 
g060.17....| 5 | 5§ 3 tr | Ill | 5437-47 - a 3 3 ge ee Ill 
oe. e@....1 8 1 2 AS pees | INN || 3137.75...-| 4 4 $e PRPS III 
3061.94....| 20r | 20R| rsR/ 8r | IT || 3140.08* 12 12R/| tor 5 Il 
Pe eS ae 3 2 II | 3140.83.. 2 2 ae ee IV 
3064.49....| 5 | 5r | 4 2 | 11 || 3145.16.. 3 3 he ore Ill 
SR Per ee ae ae ee: ee 1 iV il gee7.36.. 15r | 15R| 12r 5 II 
3072.06...., 6 | 5r 4 g 12 | 3149.43.. 10 8R)| Or 4 |i 
3072.45....| 15r | 15R| tar 6r | IT } SEGO.B8.. 0h Jin vc feuvadhs vies V 
g073.64....| 3 | 3 oe 1,.+..). EE. 4 gee. ee Eee ee ee Vv 
3079.49....| 5 | 5§ 4 2 | II | 3152.84.. 6 5 4 tr | il 
3082.73....| 12r | 12R/ 10oR]| 5r | II | 3154.78.. 5 3 “Se pe Il 
3082.96....| 2 | 2 “eS Sar | III || 3154.91....| 10 5 5 |.3 | I 
3086.46....| 4 | 3 2 tr | Ill 3157.23.. I I we eS It 
3086.89....| r5r | 15R/| 12R} Or | II | 3158.92.. 12 12R}| 12r 6 | Il 
3087.86....| 3 | 3 ae ee | IIT || 3159.80.. 10 8R| 6 5 | i 
3088.76....) x | 3 “ye See | IITA || 3161.78... 5 4 3 tr | Il 
3089.68...., 10 | roR| 8r | 4 | II_ || 3168. 19*. 6 8 4 tr | Il 
go90.36....1 4 | 4 ie eee | IIIT || 3169.90.. 9 5 4 tr | Ill 
moee.er....| got @ Rober | IIE || 3173.30.. I I ek Fe Ii 
g096.50....| 3 | 3 Fy ees | IIT | 3174. 29.. 2 I ae oe III 
SE a ee ee | III || 3175.06.. 4 6 "SB ae III 
3098.30...., 10 | roR| 8r | 4 | IT || 3177.40.. 8 4 “Ee BAe It 
3099.76....| 2 | 2 | NE. SOS | III || 3179.08.. I Xe Se ry IV 
3102.49....| 4 | 3 2 tr | III || 3180.42.. 2 I ie oe Ill 
peeg.3e..:.| § 1 5 | 3 tr | IT || 3182.25.. 7 5 4 tr | Ill 











ARTHUR S. KING 





TABLE I—Continued 








FURNACE FURNACE 
a BY deste x, Dee 
* Crass EXNER AND | ARC | | a 
= are | High <—~¥ Low . Stn | High wry Lo 
Temp. Temp. ares | PemP*| Temp, Teme 
| 
afee.08....| 2 3 2S eS Ill 3283.60....| 9 7 | 7 | 5 
3186.46....) 5 5 5 giz OS ee ee na Pe. 
3188.50....| 7 6 4 I Ill 3286.66....| 1 r | tr |. 
3189.87....| 5§ 5 5 4 |1 3287.34....| 7 | 4 | 5 | 2 
3191.44....| 4 6 5 3 II 3967.G9@....| 2 | 1 | tr 
DR a 2 Bde eels me oF pepe.mg....1 3 | 4 2 
3193.30....) 5 6 5 3 | II ps.37...-| 3 | & [> |. 
3198.79....| 5 5 5 2° pe | 3204.04....| 2 | 2 | 4 
3199.44....| 4 3 3 3 I 3294.69. . | 2 | t ].... ae. 
gene ts...) 4 3 3 3 I 32908 .83.. | Ske tiea ft 
3206.00....| I oe ice Aa IV 3304.03....| 4 | 4 | 3 I 
9930.98.:..1 § 4 aR Ss: TIT || 3304.29....; 3 | tr |.... 
3210.96....| 3n a) ee RS 7. h eeeeuee....) = | | yey 
gsts.06....) 2 a IS Aaicapie: IV 3305.27....| 2 | tr |..... 
oe. ..4--2 12 ee eae III 3305.87....| 2 , | tr 
so06.38,.,:1 5.1 Ris 4 | II | See 8hs,..1, % a eae = 
9998.90.....| 2 3 3 tr | IITA|| 3307.31....| 7 6 | 5 2 
3224.80....| 4 4 , Say III || 3308.65. ee Oe ge ee | 
Ssee.36....1 4 2 = ee TIE ii 3308.90....| 4 se | “hee ‘te! Shas 
3237.93....| 2 4 4 s Fea B Geee.gs...., 7 |S ae ee 
3296.90....| 1 iViis cneksad as Iv | 3312.99....| e 19 oe, eer 
3235.69....| 6 4 3 ee ee ess) 6 | 6 ...-. 
3237.1%6....1 8 1oR| 8r 4 II || 33%4.21....| 8 5 3 |----- 
2006.90 .....1; 8 2 el oe DR gO SES A ee Cee Aeon, Meee 
3243.99....| 8 7 6 3 It ji 33%§. 20. . | 3 I oe 
3247.13....| 4 3 ae ele Ill 3318.55....| 4 5 “— 
3247.32....| 8 6 6 3 | II 3319.31....| 4 2 r | 
3250.17....| 6 8r 5 a Dae. i gpee-t6..../:° 8 4 oc & 
$253.60....| 1 SS ee eae IV || 3320.00.. £. ios r | 
5666.37..:..| 32 10 9 6 II , -g903.06....| 2 I Bo Javces 
3258.16....| 4 5 3 tr | Ill ease ug...) 8 1 8 -F 
3258.58....| 1 I oS ee Ee Ol} 8325.44:...|-20 | 6 6] 3 
3260.99....| 9 6 5 2 | II $396. 77....|. 2 4 ape eee 
pe et 4 ES ree II 3327.%4....| 8 5 3 tr 
3264.96....| 5§ 5 5 4 I ee ee I tr 
3265.49....| 3 4 i, eee III 9206.26..5.) 2 | 1 tr | 
Se ae ee i, Sa ee Iv | 3329.63....| a ay -7 Lg 
3269.04....| 1 I ee Wace ca | INI || 3333.55....| met Set SR Ag 
$290.35....| 2 | ee | IV 3334-31....| gor | 30R| 20R} 15 
ges2-08....i & 5 5 2 ij il 3337-34....| 8 8r 8 | 10 
3276.60....| 4 2 ksce.. | Ur | 3338.08....| I I a eee 
$377.44....1 4 5 3 tr | IIT || 3339.97....| 8 5 si @ 
3277.80....| 3 I Fee TLE || 3341.52..--| 5 4 2 
$276.a3....| 2 EE RS ee ae: 2 See. ge Le 2 | 
3278.96....| 6 5 4 1 | If | 3342.88....| 8 | 10r | 6 | 1 
3279.39...-| § 4 3 I | BB 6 39ee.ge...) 2 2 1 
game. 95....| 2 4 5 3 | IA || 3346.45....) 1 2 I 
See. ae....1 3 MED vents os oh IV || 3347-10....| 8 5 2 é 
3282.37....| I I fh TIT |} 3348.28....| 8 7 oe oo 
3283.49....| 4 4 re Iil See. OG...) 8 |  f..ss. 
| | 
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TABLE I—Continued 
| FURNACE | | FURNACE 
A : A | 
. : EXNER AND | : ; 
aa | ie Medi-| Low | “—) Se | High | Medi-) Low seas 
Temp-| Temp.| TmP-| | Temp. Temp. Temp. 
| 
east; 90. ...|. 3 I | | TTT || 3417.84....| 5 4 ae See III 
eeee.34°...1 4 ? Ber Wiscsksed TIT? || 3417.93....| 6 6 6 6 #5 
3354.51....| 20 20R | 15R/ 10 | IIT || 3420.64....| 5 5 3 I II 
3355-27---.| 3 2 aa ele IIT || 3420.95....| 7 7 5 I III 
3356.06....| 2 2 Be Rocueh III || 3421.77....| 3 3 e Rca Ill 
ea00.90....| 6 8 5 tw | TE ji gges.@3.....) 1 OF t. cesceeaaion IV 
3350.07...-| 3 I gt elias: im F Seeee.....1 6 5 4 I Ill 
3358.13....| 3 2 ?S III || 3424.67....| 10 s 7 3 | 
Sa08.90..../ 3 3 ee ee: II | 3426.60. ...| ae we oe ee Ill 
3359.42....| 6 6 5 1 | IIT || 3427.90....| 2 Te Re Be IV 
ee ....4 SF) get & Bec | IIT || 3428.34....| 6 3 ey eee Ill 
$363.093....1 6 4 i Bees TIT || 3428.89....| 3 I OC Rica Ill 
3303.41....| 4 2 “He hie III |} 3429.82....| 1 i Spee eT IV 
3363.89....| 3 8. Aaa onan 1V 3431.76....| 50r | 50R| 35R)} 2or | IT 
3364.38....| 4 5 Te eee 3432.46*...| 3 ee yee III 
eeee.33....1 3 2 Te See. IIIT || 3433.18....| 60R| 60R} 40oR} 25 II 
3367.25....| gor | 30R| 20R| 15 | IT |] 3437.10....| 3 I ee Bane III 
3370.48....| 10 Ior | 10 10 | I || 3437-83....| On 3 S Races Ill 
3373-40....] 7 6 4 1 | Ill 3438.83....| 4 5 3 tr | Ill 
eee cs.:..1 5 4 te 3439.05....] 5 2 - Boake IV 
es06.429.....)..6 I 26 SP III 3441.28....] 2 fh CER REY IV 
3376.34....| 2 I ff Sere III || 3443.06....| gor | 40R| 30R} 20 | II 
$697.20....) § 6 6 2 1 $665.91"... 4 (2 ? fe Pre III? 
3378.50....| 3 I ie eee | III 3443.79....| 80R| 80R| 60R} zor | II 
3378.86....| 5 3 e fac | III $664 .90....) 2 I B. tise Ill 
3381.65....| 4 5 4 tr | Ill 3440.21....| 12 4 Tk eat Ill 
2958.90....) 2 2 “ae III 3447.43....| 3 Ee Bee gee IV 
3384.09....| 4 2 Se Sea III 3448.49....| 4 I ag eee Ill 
3385.38....| 25r | 25R| 20R| 15 | II 3449.26....| 60R| 50R| 4oR)} zor | II 
3387.19....| 1 OF aka ao | IV 3449.54....| 6OR| 60R} soR/} zor | IT 
me. e0....1 © _ & Pe SaaS | IV 3452.44....| 3 I Sa eee III 
3388.29....| gor | 30R| 20R} 15 | II 3453.66... ./200R |200R |125R | 80R} II 
eee...) 2h 2 ye Nene | III 3455.33----| 25r | 25R| 20R| 20 | I 
_——e...... Bos ¥ 4 1 | Ill “es age Pee Ne IV 
3390.92....| 3 | I oe Il 3459. 58 a pg EES a IV 
Sm6s.07....) @ | 3 “ty eae ITI 3457.05....| 9 8r | 8 8 iI 
3395-55.-..| 40r | 40R| 30R} 20 II 9458.26....1 -3 4 w toad Ill 
ae-es....) & 1 8 a ES? Ill 3400.86....| 4 5 6 4 I 
3398.96... i ie oe ak III 3461 .33....] 15 4 3 tr | III 
3399.54....| I Se Ranvalswiean IV 3462.94....| 60r | 6OR| 4oR} zor | II 
3400.63....| 1 | I se Eee Ill 3463.62....| 3 3 “a SPR iil 
3401.74....| 2 | 3 “ie tes Ill 3465.96... -|100R 100R | 80R| 60R} II 
3402.14....| 4 | 1 eee Ill 9467.37....1 % “ESS BERD Saiogecr IV 
3405.27....|150R |150R |100R| 60R} II 3468.74....| 1 Le SR cae | IV 
FF oe ee ae a Ee ee Pre IV? || 3469.11....] 3 I RS Ill 
3409.29....| 6or | 60R} 4oR) 2or | II 9008 .43...31 4 B Bienes Ill 
3412.50....| 80R'| 80R| 5oR)} zor | II $498;84....:) 2 ie SR vere IV 
3412.79....| 80OR| 80R| soR| 4oR} II 3473.60....| 1 I C Bape Ill 
3415.06....| § | 6 6 6 | I 3474.17....|100R |100R} 60R| gor | II 
3417.32....| 5or | 50R | 35R| 20 II 3474.40°...| 6 ? ? ? ? 
| 
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TABLE I—Continued 
FURNACE FURNACE 
wa A Cc E : eee, ey ie 
AND . ASS XNER AND . 2 
‘Soom | | Bs Medi-| Low : » ll ee Medi-| Low ~~ 
Temp. Temp. Temp. Temp Temp Temp. 

3474.68....| 6 6 6 6 I 3548.60....| 7 7 6 2 II 
3470.50....| 5n a POS ae” IV 3550.78....| 20r | 2oR| 20R} 15 I 
3478.00....| 4 I @ -Sia55 Ill 3551.84....| 2 I Eo Wises Ii 
3478.60....| 8 6 4 I III 3552.90....| 8 ror | 10 10 I 
3478.90....| 7 7 5 s i 3553-16....) 8 6 6 2 iI 
34790.74....| 1 I a ew III 3553-31....| 2 I _ a Loe Ill 
3480.17....| 6 6 4 2 {II 3558.93....| 12 | 12r | 12 | 10 | I 
3483.29....| 2 2 Se es Ill 3559-75--.-| I ae eee See IV 
3483.58....| 2or | 20oR| 20R| 15 | I 3560.47....] 5 6 Ee Ree Ill 
3485.51....| 15 6 4 I Ill 3561.03....| 20r | 20R}| 20R} 15 I 
3485.85....1 4 4 3 I II sane.08....) 6 6 3 ee 
3487.84....| 8 6 5 2 | II 3503.09....| 7 9 6 2 |i 
3489.57....| 6or | 40R| 30R| 20 II $e08. $t....1 4 2 ey Shee Ill 
3490.89....| 10 8r 8 8 | I 3565.09....| 25r | 25R| 25R| 20 | I 
3491.49....| 15 20R| 20R| 15 I 3568.56....] 2 2 at AE III 
3402.12....] 3 I |} Sie III 3569.59....| 80OR| 7oR| soR}| 25 | Il 
3495.83....| sor | 50R| 40R| 25 | II 3570.57.-..| 4n]| 3 2 1 |U 
3490.20....| 3 I 2 ee III 3575-13....| 25r | 25R| 20R| 15 | I 
3496.80....| 15 | 15R| r2r | 12 | I 3575-53----| 6or | 60R| soR| 30R} Il 
3496.90....| 6 6 oh wee Ill 3577-39-.--| 3 4 3 1 | Il 
3502.45....|100R |100R | 60R}| 4oR} II SR? TT Oe eee ore eee V 
3502.80....| 20r | 20R| 20R| 20 | I 3578.21....| 6 6 3 1 | Il 
3503.85....| 3 3 “ES ees Itt 3579-04....| 6 5 4 2 | Il 
3504.89....| 5 4 “| See Ill 3579.15....| 6 6 5 2 | 
3505.29....| 3 2 rns. cee Ill 3582.02....| 4 4 2 1 | 
3506.47....| 80R| 80R} soR| zor | II 3584.94....) 15 | 15R| tar | 1o | I 
3510.00....| sor | 40R/} 30R} 25 | II 3585.33.-..| 25R] 25R| 20R| 15 | I 
3510.59....| 30r | 30R| 30R| 25 | I 3585.94....) 4 4 3 1 | Il 
3512.80....| 60R}| 5oR}| 4oR} 25 | II 3586.20....| 3 2 ee rr III 
3513.61....| 50R| 50R| 40R| zor | II || 3587.30....| 70R| 6oR| 4oR} 25 | Il 
3516.78....] 1 I i; ae III 3591.91....| 4 3 ie Oe Ill 
3518.50....| 50R| 40R| 20R| 15 | Il 3595.03....| 50R| 50R| 4oR| 20 | II 
3520.23....| 15 | 20R| 20R| ro | Il 3596.67....) § 5 Z j---s8 iil 
3521.73....| 30r | 309R| 30R| 20 | I 3600.97....| 3 4 3 tr | Ill 
3ga2.8s5....| § 5 “SS Fe se 3602.22....| 40R} 4oR| 30R| 20 | Il 
3523.00....] 4 I a III 3604.62....| 4 I I tr | I 
3523.55....| 25r | 20R| 20R} 20 | I eee...) § 6 5 I Ill 
s6eees.3.-1 7 5 5 2 | 3605.52....| 20r | 2oR| 15r | 15 | I 
3520.00....| 3 4 “Pe See Ill 3608.45....| 3 | 10 8 3 | ILA 
3526.97....|100R |10oR } 8oR| 50R} II 3609.94....| 4 I EE DOTS Ill 
3528.09....| 5 2 Ge BRASS Ill 3611 .89....| 10 8 6 te 
3529.19....| 30r | 30R| 25R/| 20 I 3615.54....| 6 7 5 2 II 
3529.96....| 80R| 80R} 50R} zor | II 3618.15....| 4 9 7 3 | I1A 
$590.970....| 1 I RS SaaS III 3620.56....| 5§ 5 3 tr | Il 
3533-51....| 25r | 25R| 25R| 20 | I 3624.54....| § 7 4 I Ill 
3534-91....| 4 4 > ar Ill 36a5.38....| & | rar | 9 8 | I 
Seen. ee... «| 2 I ge Pe Ill 3626.20....| 2 4 ee ot IITA 
ee 5 5 2 ITA || 3627.98....| 25r | 25R| 20R} 15 
3543.43....| 15 8 8 sa 3631.59....| 20r | 25R| 25R| 18 | I 
3540.85....| 6 5 4 I III 3632.12....| 2 I teva Ill 
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TABLE I—Continued 
FURNACE FURNACE 
~ Cc E - A 
. Ss XNER AND ° 
Ginecume) | | High Medi-| tow | “Hascam) |"? | igh Medi-| ‘Low — 
Temp. Temp. Temp. Temp. Temp. Temp. 

3633.01....| 7 5 3 tr | Ill 3750.07....| 9 6 6 3 II 
3633.49....| 2 I “te See III $76t.95....5 Ss 8 4 I Ill 
3634.86....| 7 5 3 tr | Il Po). a ee 2 ag Ill 
3636.84....| 6 6 5 2 if 3755.60....| 10 | 10 7 3 | Il 
3637.44....| 4 3 Ap Sete Ill 3759.83....| 3 2 S Bives Ill 
3638.50....| 1 I a Se Ill 3760.55....| 4 5 4 2 II 
3639.60....| 10 10 8 2 5794. 96...:1 8 10 6 2 | II 
3641.94....| 6 7 4 3 II S777. O8.6..4 2 I an ewe III 
meas.98....1 © 8 6 4 | II $797.@....| 6 8 5 s 4 i 
pee. 26....1 § 6 4 I Ill 3805.94....| 2 2 aS) aes Ill 
3645.60....] 3 3 2 tr | Il 3808.25....| 10 | roR| ror | 12 | I 
9647.23....1 § 5 3 tr | Ill Ce a 7 6 ¢ £5 
may. 86....1 2 I Oe Bis cee Ill 3812.62....) 4 4 3 tr | Hl 
$647.8s5....1 22 15R} 15r | 15 I 3814.62....] 5 5 4 I Ill 
3648.26....) 3 2 a> Ill 3816.48....] 15 6 5 4 {I 
3649.49....| 8 8 4 tr | Ill 3816.61....| 15 6 5 4 |I 
3651.41....| 4 5 4 I Ill 3817.01....] 5 5 3 1 | I 
3652.70....] 15 20R} 20R| 20 | I 3820.08....| 4 5 3 I II 
3654.59....| 5§ 6 5 2 | Il 3823.66....| 1 ae ae) ee IV 
$657.10....| 9 8 8 10 | I 3841.60....] 5 4 4 4.333 
3658.06....| 2 I a Be Ill 3842.21....] 30 20R| 15r | 1o | II 
3662.32....| 12 8 7 4 | 3843.85....] 4 4 3 tr | Il 
3668.80....| 1 I "ie eee Ill 3845.60....| 60 | 60R| 40R| 30R} II 
3670.20....| 3 3 2 tr | ll 3850.27....] 5§ 4 i ae Ill 
3676.72....| 12 10 5 I Ill 3851.09....| 4 ror 8 8 | IA 
3683.22....| 20 20 15 10 II 3852.00....| 2 2 Pm Ill 
3684.63....| I0 12 6 I Ill 3856.94....| 4 2 O- Sacvs Ill 
3685.11....| 2 2 ee yee Ill 3861.31....| 20 | 2oR| 15r | r5 | I 
3686.62....] 2 I ae eee III Suns. 75....1 8 I Bis ced III 
3690.91....| 7 6 4 2 il 3870.66....] 4 3 a. Aaa Ill 
3693.29....| 8 8 8 5 I 3873.23....| 60 60R} 40R} 30R} II 
36903.53H..| 2 2 “eat RIA Ill 3874.09....| 40 | 40R} 30R| 20R} II 
3693.63....| 8 6 7 5 |I 3877.01....| 20 | 2oR| t5r | 15 | I 
| a ee ee gee oe IV 3882.06....| 25 20oR| 18R| isr | I 
3702.39....| 12 8 5 I III 3884.79....| 10 8r 8 6 I 
3704.22....| 25 30R | 20 20 I 3885.45....| 6 6 6 4 I 
3707.62....| 6 5 4 2 II 3890.18....| 2 2  R Ill 
3709.00....| 12 9 8 5 II SO 66.8 BS Becca ee V 
eeas..Ss....1 2 2 2 tr | Ill 3892.30....| 3 2 “fae Re Ill 
Bees .ac....1 6 5 4 I Ill 3893.20....] 2 I Bp pee Itt 
3726.79....| 5§ 6 4 I Ill pe ee ee ae oes Ree See V 
3728.96....| 3 2 Se ee Ill 3804.25....| 60 | 5oR| 30R| 20R| II 
3730.63....| 20 15 12 8 | I 3895.15....| 20 | 2oR| r5R| 8 | II 
S7at.42....| 2 2 2 tr | Il 3898.54....| 4 5 5 I Ill 
B762.99....| 20 | 15 12 12 | I ee Be ee Peer pee. AES Vv 
3733.05....| 12 | 10 8 5 | Il PU a Bees OP ee Aa V 
Byes. 30....1 79 7 5 2 | if a ee ee, oe Vv 
3730.08....| 12 12 9 4:18 3906.46....| 10 | rar | tar | ro.| 1 
a760.24....1 5 4 3 I II 3910.13....| 15 | 20R/ 20R| 15r | I 
3745.65....| 25 | 30R]| 20r | 20 | I 3917.80....| 8 6 5 2 il 
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FURNACE FURNACE 
am | A Cc (Exar s | Po: oe 
: | XNER AND | | s | | s 
Giecx) | | High Medi-| Low Pie | Hascuex) | | High | Medt) Low | as 
Temp. Temp. Temp | | ie Temp.| Pemp-| 
3920.32....| 2 I Deak III 4023.55....| 4 | 4 S- 2. 2 III 
9990.75..--| 2 I oe ee III || 4027.18....| 10 | tor | ror | 10 | I 
3920.90....| 4 3 3 I II || 4035.74....| 8 | 3 O.- 2a ale | IIT 
3021.27....| 1 ED See ar IV || 4040.95....| 2 | 2 2 tr | Ill 
3922.90....| 7 8 8 9 VE | 4045.56....| 20 | 2oR/ 15r | 15 | I 
3025.33----| 3 | t | tr |..... HE |i 40ss.t0....) 3 | t | & |..... III 
3020.43.---| 3 I gee Re III || 4054.08....| 1 i a See G7: IV 
3034.07...-| 6 8 6 6 | I || 4057.10....| 2 ROWS REE BAS V 
3034.85....| I I ae Sees III || 4057.36....) § 8r | 8 8 | I 
3035-44....| 1 I Re See III || 4058.36....| 8 | ror | 10 | 10 | I 
3930.13....| 30 | 30R| 1r5R/ ro | II 4058.76....| 6 6 6 2 iI 
ES Se Se eee see V 4006.56. ...| I5 | I2r | 10 | 10 | I 
SE ee Ree Aan) eee V 4068.72....| 8 7 6 3 ta 
3941.06....| 12 12r | tor 8 I 4069.71.... I Oe B88 eau IV 
3041.91....| 20 | 20R/ r5r | 10 | II 4076.30,... | 3 8 8 , Tea 
Ass. 2 a. PO ae IV * 2 2 ee III 
ae... I See Se IV 4077.50 ‘Il 2 | eye Neen Nee V 
3045.51....| 15 15r | rar | 12 I Rest ONO Aechinebe nin sdawe ac V 
3046.75...-| 2 2 2 1 | 4082.75....| 2 5 5 4 |IA 
3047.26....| 3 3 3 I II 4083.78....| 1 Se eee IV 
3952.46....| 8 8r 8 ~ it | 4086.49,...| 15 I5 12 6 II 
3953.10....| 25 | 25R| 15r | 12 | II 4088.45....) 1 8 8 6 | IA 
3958.10....| 15 15sR| r2r | 8 | II 4092.56,...| 25 20oR| ts5r | 15 | I 
ag6t.ts....| 6 4 2 I II 4093.03....| 3 2 Bee ll 
oeue.as....) 5 2 2 ‘eo Re 8 Oe ee eee Pe eee V 
n.2F...-| 3 4 4 “Re ee ee ee eres Sen eee V 
3968.75....| I 2 2 I IITA || 4104.57....| 2 2 2 tr III 
3969.28....| 8 5 4 1 | IML || 4104.91....] 4 3 2 tr | Il 
3972.69....| 6 I Or Besaok Ill 4110.70....| 25 20oR| 15r | 15 I 
39073-31...-| 10 | 10 | Io ae 2 4118.96....| 50 | 50R/} 30R} r5r | II 
3974.90....| 10 15R| rar | 12 I 4121.52....| 60 | 60R| 40R} 2or | II 
$075.45.-.-1| 3 2 2 tr -} El >) tt 4598.43....| 2 I OF taskus III 
3077-34..--| 3 3 2 tr | Il | ch EB. ks aBdne dowcen V 
3978.78....| 10 tor | 10 9 I | 4132.30....| 4 6 6 4 I 
CS SG ee Ra See Roane V | 4139.60....) 3 3 2 tr | Ill 
3979.67....| 10 15R{ 15R} 12 I 4150.62....] 2 4 4 2 IIA 
9007.35..-.| 6 8 8 | I 4158.59....| 4 I het (PRA Ill 
3990.45....| 6 5 4 2 | | 4162.32....| 2 “eS ASS pe IV 
3991.68*...| 4 lt = se IV 4t70.34....| 2 I he ee III 
3991 .83*...| 6 8? | 6 oe | 4187.46....) 4 4 4 2 {I 
3904.70....| 6 6 5 4-33 | 4190.88....| 20 | 2oR| 2or | 25 | I 
3995.45.---| 60 | 60R| 4oR| 20R} II | 4195.03....| 1 I rere III 
3998.09....| 40 | 40R]| 20R) 15 II | £695.90:...1 2 2 2 tr | Ill 
4003.85....| 2 I ae Se Ilr || * 2 4 4 6 |IA 
4008.07....| I I ae ERS III || 4234-15 a | 2 4 4 6 IA 
S0tk.25....| 2 4 4 4 IA Q037.99....| 1 I See III 
4014.09....| 7 6 5 3 iif OF a a ae eee Aeris Pewee V 
ES Oe ae ee Se V 4242.03....| 2 2 8 aa III 
eee.a8....| § 8 8 6 if 0 ES A a eee eres merce V 
4021.07....| 20 | 20R| r5R| 15 | I CMG OS TIE Bewets obs cWieuksoceu V 
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TABLE I—Continued 
een ms eae niall : 
FURNACE | FURNACE 
- A 
. E AND Arc : CLass 
(EXNER AND | Arc : Medi- Cass (EXNER a Medi- ai 
HAscHEK) ne. — Jer | HAScHEK) | fen. a, tor. 
| 
rr | 1s | I 728.61....| 3 8 8 | 12 | IA 
a... 444 £4 prea il ee se ae IIT? 
i es.... 6 8 8 ee. 4737-92....| 2 5 3 I IIA 
. I 10 9 8 | IA 4749.89....| Io 8 4 1 | Ill 
a. : sb tens V 4754.60....| 3 2 PES IIl 
pred 763 3 ae GN MC: IV 4768.26....| § 3 B Bivens III 
ces... 5 4 2 tr | Ill 4771.90....| 6 5 G Niveesi Ill 
1.31t... 5 G?Fi 3?) tT 4776.51....| 6 4 @ kisces Ill 
i Br 6 ee, SOE Fae IV 4778.42....| 2 ae ree ees IV 
ee ss... “Se iS tag Hae III 4780.20....| 10 6 3 tr | Ii 
ae. i. ee : 2 me eae Ill 4781 .64....| 3 10 6 2 |ITA 
aan “ie 5 iG te Fb Bares: IIT? || 4793.10....] 15 8 4 1 | Ill 
a 3 Fes 2 Weazie: Ill Ree ot ae es Pees, Serre V 
aan ss... 2 3 ee Pree III 4796.60....| t | 15 | 10 6 | 1A 
os. Mis : 2 “fe eae IITA |} 4813.70....| 20 | 10 5 1 | Ill 
a 86... I ie Geese FO 4814.22....} 2 I O -tcces Ill 
ae a6... : 2 i s bind BE eee. 2 12 tea Ill 
pg soe 5 2 ee tayo Ill 4840.50....| 25 12 5 Ill 
le aa 4 2 fe ee III 4843.68....| 3 I te hisses Ill 
eats: I ae ee III 4868.08....| 25 | 12 8 3 | I 
ca. ts hs AY. baiete...st 2:4 & | we bak Il 
cies... re ee se et III || 4899.70..... 2 | 8 | 5 | x IITA 
4407.09....| 10 6 3 tr | il 4904.38....| 1 I 2 yt 
Se.95....] 88 12 5 I III 4912.58....| 1 5 4 4 
a. 4 6... 5 3 2 es Ill 4920.40....| I 3 8 beside IITA 
og ia I I ae eee III 4928.47....| 2 3 ® isas Ill 
ea. 2 I ..| Ill 4053.32"...| 2 10? | 10? | 10 IA 
148 + hie : 2 ee: Ill 4966.72....| 2 8 8 7 IA 
ae 2 ae ee AES IV 4972.09....| 2 Se Se IV 
adage Bae Beg state tend IV || 4088.10....| 2 6 | 6 |IA 
a ieee at -e4 « bs: Ill || so67.73f...) 2 | 2? | ? |..... IV? 
Tees... | 2 I ah Pee Ill §077.577...1- 8 OPE Bivaac - 
28.08....| 2 I a ee III dS Cee ae ae Seem Copees Nebee” oe 
amy II §095.13f...| 8 OP) -@ iss «ee 
4531.12....1 30 | 20 | 10 3 4G S tee — 
18 7 5 2 tr | Ill 5109.02f...| 10 “ye ee 
- > oae 6 6 4 I III 5113.39T...| 6 ? ae eS IV? 
ehhh I I ga ta III §122.93T...| 8 Ae ARR Sete IV? 
ot aah 10 8 4 1 | Ill 5124.80f...| 2 ? fo 2 rs 
65.7 See 15 12 5 I Ill §125.84f...| 7 a See Pere: 
... 2 ey Bt os aes. IV 5126.36T...| 10 ? P. Riess =: 
4580.34... .| 4 10 8 8 IA S200 G0..5.1 SE bs occ conde see iv? 
4581.80....| 20 15 4 I Ill 5145.63f...| 2 fe eer Ser o> 
88 | I 10 7 7 | IA 5146.897...| 15 AS Se 
,-- ape 4 “THES Sve: IV 5149.21f...| 2 ? P has. IV? 
aa... 5 ee tee Pe IV 5149.931...| 4 3? | 2? I II 
mai. “eS! ee 2 So ae Ill §154.20f...| 8 , Visieskespen IV? 
an... 15 8 4 1 | Ill 5156.49T...| 10 ae Seer eee oes 
663 .60F 12 8? | 4?] 1 III 558.577...) 2 ? See 
4682.5st... a4 tt Oh III? || sxsg.oof...| 2 | 1?| ? |..... IV? 
meme eel F IV? || sr6s.got...| 3 | ? | ? |..... Iv? 
4698. 56T. . .| 3 ? P. Seci5. IV? ft 9266.97. 06) -@* bececd. ccc dees 




































































354 ARTHUR S. KING 
TABLE I—Continued 
FURNACE FURNACE 
A " . A ) 
AND RC : XNER AND . s 
CHnscaae) High | Medi-) Low ome) Tom | | High | Medi-| Low ~— 
Temp. Temp Temp. | Temp-| Temp Temp. 
§176.22....] 20 | 15 | 12 2 | Ill 5390.62T...| 2 gM IV? 
ER? a OR Sees eee Vere V Peasst Bisse ‘hae ee. V 
€310.20....| 3 Oe ee oe IV ke Se a eS ee CAG ley 4 
§210.97....| 3 SS eet Se IV 5408.35T...| 2 3 go eee III? 
Seen... § et re ee IV SE Se a anes V 
§212.85....| 25 4 S Aancce III IS fe a eee eee, eee V 
ES Se ee ee eee See V 5434.72T...| 2 ZB. gary III? 
§222.67....| 4 i} 2 IV S6a7.877...1 3 I? OF tf. 2cS. III? 
§230.40....| 25 15 12 8 II 5444.80*...| 20 ? P Weaeas IV? 
Seen. a2....| 3S 12 10 4 II ES, a eee See Apne V 
5§248.02....| 15 15 12 5 II 5454.81....| 20 Se ee ee V 
a Ee eS a ar V 5469.49....| 4 8 7 I IITA 
5254.78....| 8 py RE, Bae IV SS Se Sree V 
§257.75....| 10 I a Ill Se ES a eee, ener cree Vv 
§264.40....| 2 SS ae sae IV 5483.50....| 40 20 20 20 I 
§266.00....| 4 i aS V 5484.19....| 10 ye ae Nee Vv 
5266.51 H*.| to 2?] x?| tre | I? §489.81f...| 5 BPs BO bes ca III? 
§266.71H*.| 25 | 15 | 12 8 | II 5495.90T...| 2 “7 2 eae III? 
§268.70....| 10 2 arr Ill 5523.517...| 8 acl af) @? iat 
oa Be Bais a ohe-nie oi V SS i a) ae pes Pee V 
5280.80....| 20 4 i ee III 5530-99...-| 10 | 12 | Io 6 | Il 
RPE GE Se Eiri? Sean Seereee Vv 5546.60f...| 2 eee FF Baas III? 
8 ee ed See ee V tances 2 § SPE F hess III? 
§288.02H..| 5 > BAER Vee V 5590.99....| 10 | Io | 10 - ie 
Sent.90....] 25 15 12 8 | II NES BE AS ene fale V 
5312.80....| 8 I a ee Ill EE ae See Ree ae oe V 
6e08 60...) 7 I we £50.45 III 6e.38:<..) 2 2 I tr | IIIA 
ES ee ee Bee eee V 5647.47....| 12 Io | 10 3 | II 
5325.40....| Io 2 ae It 56590.36....] 3 4 3 2 II 
5326.06....| 4 I Ye ee III 5688.82....) 2 3 2 II 
§326.30....| 3 ie ee Bes IV Rsk ME Bisse whe wc ccheswon V 
ES ee ee On Pree Vv SS a eee Ree ne V 
5331.62....| 15 15 12 6 II ER SE ee Sapeee Seee V 
usea.Ss....1 § I te eee III s88z.32°...| 2 afi 207) Sf 1k? 
Sa08.G2....1 § I a = Ill 990. 72....1 19 8 8 2 | Ill 
ee ae eee Vv 5915.74....| 10 8 8 2 Ill 
| Saat i Ge ee. ee See Vv 5035.61....| 6 6 6 I III 
ESS a a AAA Gah as) ee . onee.es....1 5 2 I i s i 
ES ae Sec Sega ome s us 2 ? 
an rie 1 4) ¢ t..... Tr || 5984-40*... { 3 | 2] | 2? | Im? 
5343.58....| 20 2 E vies Ill §992.11*...| 20 | 20 | 20 4 | ll 
ES OE eee See V 6000.91....| 5 3 3 ae 
OES Se Bee Se V 6006.50....| § tg SERS. (Re: IV? 
5352.30....| 20 4 ee er Ill ae ees Aan, Ae V 
5353-09....| 25 5 = Sree III ES ey eee: ne reve Vv 
5359.16H..| 2 oe AP Re IV BE BR sa! ee Ae, Bree V 
5359-41H..| 6 I Be Bis. atone III? || 6082.67....| 15 3 ae III 
§362.95....| 15 I ee FS Ill 6086.84f...| 7 4 3 1? | Il? 
5309.83....| 20 15 15 se it 6093.35....| 10 12 10 8 | I 
Seme..gt....1 § 5 4 r | Il Sf SS a ee eee eee: Gee V 
RS cou WN Ba lis. Whe dx e oles se V- 6117.20....| 8 | 10 8 e $3 





































































































FURNACE SPECTRA OF COBALT AND NICKEL 355 
TABLE I—Continued 
FURNACE | FURNACE 
A A 
Hascme) |" | sigh | Medi] row |" |] Gitsemeey | “®° | atigh | Medi-| Low | “™** 
Temp. Temp. Temp. Temp Temp Temp. 
6122.90....] 8 Sd Gee TRO IV? || 6450.51....| 80 | 60 | 50 so | I 
6189.20....| 10 20 15 7 irae ee eS ee eee, eS V 
6211.34f...| 2 2 ee Te IV? || 6455.30....| 40 6:t. & Binds III 
6231.20*...| 10 12 10 2? Ill a es fe eee DS ig ae V 
6232.70....| 2 _g SSS Ser IV? || 6490.50....! 6 7 | 6 r | Ill 
6249.70....| 8 6 6 ; i | 6551.69....| 3 eS ae ge er Iil 
6257.81f...| 6 2 et oS ee III || 6563.61....] 40 | 20 | 20 6 | I 
6273.28T...| 4 2 > ae fg go” Sa Se ee, Peer Seer e Vv 
6282.89....| 40 | 30 20 20 | I oy ee Fae ere ere V 
6320.62....| 8 Sy Ae PEE IV oe oe i ee ene ee V 
SS a eee Peewee, Sear Vv 6624.00%...| 2 oF f  BP Sirk III? 
SS ae eee Pee Ane: V 6632.69....| 15 10 8 4 | Il 
SS a oS eee ee, eee Vv 6679.03....| 4 5 4 2/1 
AS, Gr ge eee rea esrane V 6771.29*...| 20 | 20 | 15 15 | I 
6417.99....| 15 7 6 tr | ITI || 6815.20*...| 15 15 10 10 | I 
RR IR ES ce a Sey V_|| 6872.62*...| 10 | 10 6 6 | I 
6430.10....| 4 4 5 I III || 7016.82*...| 3 3 3 ee 
a ee eee err Sere V 7053.11*...| 8 8 6 6 |I 
A EE Se ae Fevers cee V 70Bs.25°...] 35 12 zo j ra jt 
REMARKS ON TABLE I 
A 
3062. 33 Concealed at high temperature by A 3061.94. 
3104.12 Probably double. 
3137-47 Doublet, just resolved. 
3140.08 Close doublet. Companion makes reversal unsymmetrical. 
3168.19 and 3344.36 Both probably double. 
3354-34 Concealed by reversal of A 3354. 51. 
3361.72 Coincides with strong Ni line. 
3409.05 Furnace line may be concealed by A 3409. 29. 
3432.46 Probably double. 
3443.31 Concealed by adjacent lines. 
3474.40 Concealed by reversal of A 3474.17. 
3991.68 and 3991.83 Blend at high temperature. 
4077.56 Doublet in arc. Only violet component appears in furnace. 
4234.15 Close doublet, not fully resolved. 
4953.32 Blend with Ni. Furnace line probably all Co. 
5266.51 and 5266.71 Close blend. 
5444.80 Very weak in furnace if present. 
5881. 32 Furnace line may belong to band spectrum. 
5984.40 Doublet. Disturbed by band at low temperature. 
5992.11 May be close doublet. 
6231.20 Low-temperature line may belong to band. 
6624.00 Furnace line may belong to band. 
6771.29 to 7085.25 Photographed with 1-meter concave grating. 















































356 ARTHUR S. KING 
TABLE II 
TEMPERATURE CLASSIFICATION OF NICKEL LINES 
\| | | | 
FURNACE \| FURNACE 
Qin AND | Arc | : CLass ] diesen AND | Arc | a | CLass 
HASCHEK) High | Low || Hascuex) | High | Medi-} Low | 
Temp. Temp.| Te™P- Temp. Temp. Temp, 
2981 .80....| 20R| 20R 1sR| 8 | || Ba cb WOE Ieee cw}e sates | V 
ane.m....1 4 | 2 Sa) BPs III |} 3210.00....) 5 Eh ES OEM | Vv 
2984.28....| 12R| 12R]} 1or 5 II OY Ss 2 See ees eee | V 
2991.22....| 4 | 2 2 1 | II | 3214.17....| 7 I tr | III 
2992.71....| 20R| 20oR| 15R| 8r | II | $230:93....) I RP, Poecn | IV 
2994.58....| 25R| 25R| 15R| 8r | II | 3217.93....| 8 2 I | III 
3002.58....|/100R |ro0oR | 75R} 40R| II | 3219.92....| 3 oe, ee AV 
3003.70....| 60R| 60R| 4oR 20R | II | 3221.41....] 5 fh Re ee | V 
3012.11....| 75R| 75R| 3oR| r5r | I || 3221.81....| tor | 15R| r2r | 6 | II 
3019.28....| 20R| 2oR| 15R| 8r | II || 3223.66....| 3 ee ee IV 
Sk AS Ee oy et a Se ae 1 IV || 3225.19....| tor | 12R| ror | 5 | II 
3031.98....| ror | ror | 5 some | f Seey.S8....) s 7 4 | 3 |I 
3038.04....| 60R| 60R} 40R} 20R| IT | 3233.06....| 25R| 25R| 20R| 15r | II 
3045.15....| ror | tor 6 3 m ©6Cof) 3 8Ss. we”... |. 2 , 3 fees ee| IV? 
3050.92..../100R |100R| 75R| 40R| II || 3234.00....| 2 |.....]..... eee © 
3054.42....| 50R| 5oR| 30R| 15R| IT || 3234.78....| ror | r2R| ror | 5 | II 
3057.76....| soR| soR| 3oR| 1sR| II || 3235.86... 4 | 4 | 3 | 3 IT 
3004.75....| 25R| 25R| 20R| ror | IT || 3243.20..../ 25R) 25R| 20R| 154 | I 
g060.59....| 3 |- 1 |..... ...e:[ IV |] 3245.47....| 4n i Aa jes V 
3080.91....| 20R| 2oR| 15r | 7 | IE || 3248.56....| 8 | 10Fr | 6 | 4 | II 
3097.27....| I5r | 15R| tar 6 II 3249.55...-| 6 5 |4|4 {1 
30909.25....| r2r | tar 8 4 II 3250.90....| 9 tor | 6 | 4 | Il 
3101.67....|tooR |tooR| 60R}| 3oR| IT || 3264.56....| an)}..... Se eee hy 
3101.99... .| 4oR | 40R} 25R| tsr | Il 3268.21... .| | ee Ree ae V 
3105.60....) 15r | 15r | tor | 5 II || 3269.08....| 2n s | eee V 
3107.83....| 4 | 3 2 | 2 I || 3271.25....] 10 1or 6 | 4 II 
3114.26....| 2oR| 20R| r2r | 8 | I | 3282.03....| 5 ” Py Ses neeee: V 
Ga SS eR Reema ale | V I} 3282.81....| 8 s eis II 
ot a a a & Fiz | I $282.00.....| 5 i V 
3134.22....| 60R| 60R} 40R} 20R} II 3284.56....| 4 I seh 
eee-ee....5 & | 2 2 | 2 |I 3287.08....| 8 1or 6 | 4 I] 
3145.82....| 8 | 8r 4 | 2 | II || 3287.36....] 2 I “2 ee III 
RE ee See cee | V || 3305.10....| 6 b A Dy cee | IV 
eae Oe 8K Becess eee 5 fee Se a eee eee ee V 
3150.65....] 3 2 a] 21 SSS ie) Se Se ee V 
3164.30....| 2 “OS ees me ae 5 5 a te 
3165.64....| 3 2 Se ee } Este. 2). ...| to 2 I eee | 
3170.86....| 2 “Sy eee So ge OS a Ge Bee Bene oie V 
3176.44....| 2 “ey Rape | IV || 3315.82....| 30R| 30R| 25R| 12r | II 
3181.89....| 5 oe 2 r | II || 3320.42... 20R} 20R/ 15R} 8r | Il 
eee... 2 1 8 7S eee ae) ere © 2 tf 1..... { V 
3183.40....| 4 2 I ein | 2523 ,.99....| 2 _, ae ASE V 
3184.50....| 8 8r 4 | 2 | II | 3992.90....| 1gr | rsR| tor | 6 I] 
NS i WS Be thE OW OR: oes |V | 3396.80.....] 4 B: Bedelia .| IV 
3195.67....| 6 6 4 | 2 | || 3327.52....1 4 PY ALR RN 
3197.22....| tor | ror 8r | 4 II 1] 3328.85....] 5 4 ee 
OSE ee | eee Keene ae | V | SS ere eee | pele | V 
me08.90....1 § 6 3 | ; | i RS a eee Vee Crane | V 
Se. 48...) 3 oo eee Bidets ons | IV | See 88 .....1 £ | 8 Se ae 
| i | | | 
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TABLE II—Continued 





aes, | 
a | } A 
(EXNER AND | Arc | f | eects. | Crass || (EXNER AND 
HaASCHEK) High um |-low | | HASCHEK) 
| Temp. Temp. Temp.| | 
] 
| i} 
3338.90....| 3 | x | Sy ee | TIT || 3476.80.... 
$339.20....| 4M].....].....]..... ve | 3478.00.... 
Beee-90...-] Bf SF Jovsochesees | IV |i 3478.42.... 
a00t.46....| § | 5 3 I II | 3479.306.... 
9961 .75.... 20R | 20oR/ 15R| 8r | Il | 3480.30.... 
3362.97....| 6 5 5 4 I ‘ 1 3483.98.... 
g963.76....) 4 ED SEs IV | 3485.25.... 
9n66.975....| § Se eS IV || 3486.09.... 
3305.92....| 15r | 15R| ror | 6 | IT || 3488.43.... 
3300.32....| 20R| 20R 1iR| 8r | II || 3403.11.... 
3366.95... 10 2 ee ee III ! 3400.47.... 
3368.05....| 8 8r 6 5 If || 3501.02... 
3309.71....| 80R| 80R| 60R 30R | II 1 9906.98... 
3372.19....| Isr 15R} tar 8 | Il _ || 3507.85.... 
3374.42....| 158 rsRi rar | & | Hii 3gro.s52.... 
3374-82....| 15 3 2 1 | II || 3512.76.... 
eS ee Cee Sere V || 3514.10... 
OS ES a Sa eae: Cee \ oe: ee 
3380.71....| 80R| 80R| 50R/ 25R)} II 35160.33.... 
3381.01....| 15r | 15R| rar 8 | II 3518.80.... 
3387.54....| 3 6} 6-54.75 | 3519.97... 
3391.20....| 50R| s0oR| 4oR/} 20R| IT || 3523.23.... 
3393.10..../100R |100R | 7oR} 4oR! II 3523.62.... 
cnc ME ly a uuvehs ases-ebe-cirgl | V 3524.68.... 
aenn.3r....| §& I tr _.| WI 3526.67.... 
3403.58....| 8 2 ere | III 3528.13.... 
3409.74....| 8 | 12R| ror | 6 | I 3528.70... 
3413.66....| 25R} 25R| 20R| rar | I $490.73... 
3414.12....| rar | 15R| 12ar 8 II | 3548.32.... 
3414.91....|150R|150R |100R | 5soR} II | i, 
3420.88....) 5 6 5 4 | I 3553-64.... 
3421.49....| 7 I  foxcak TIT || 3560.05.... 
Ee a re cee V | 3561.90.... 
RSS > ae ee ee | V | 2000.43... 
3423.87....| 50R| soR| 30R} r5R} II || 3572.02.... 
3433.74....| 70R| 7OR} 5oR| 3oR| II || 3576.08.... 
3435.63....| 2 I I tr | Il | 3577.30.... 
3437.45....| 30R| 30R} 25R/ 15R| II | 3588.07.... 
SS Se ee I 4, ae Ill 3597.86.... 
| eee ee ee eee Vv 9603 .41.... 
Sa Se) eee ees Jeane V 3604.41... 
RR CT a Seen Fae oe eee vf 3607.00.... 
3446.40..../100R |rooR | 60R} 35R)} II 3609.48.... 
3453.02....| 4OR| 4oR} 25R| 15R/| IT || 3610.61... 
3458.60....)125R|125R| 7oR 4oR | II 3612.90.... 
3461.80..../125R|125R| 7oR| 45R| II 3619.52... 
3467.61....| 12] 12R| 8 6 | II || 3624.89.... 
SS RR el res ate Aree | V || 3630.03.... 
3469.65....| 15 15R| tor 8 | Il 9636.10... 
3472.71....| 7OR| 7oOR| 40oR} 20R} II | $668.75... 
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FURNACE 
Arc High M edi- ae CLass 
Temp. Temp — 
8 ee PeSaae Eee Vv 
ey PEE Se See: lv 
3 me CRP aR IV 
eS ARE Cees, PET V 
a , SPR PLS V 
25R| 25R| 20R} rar | II 
iiss ein odd Wee V 
10 1or 7 5 II 
PS SR Bet Aen V 
I50R |150R |tooR | 60R} IT 
5 Ae, Ze RSE V 
25R| 25R| 20R| 12r | 
8 8r 6 5 I 
8 8r 6 5 I 
80R | 80R} 50R/ 25R/ II 
2 2 ag ee III 
15 15R/ ror | 8 | II 
150R |150R |100R | 60R | IT 
8 I ee eee III 
8 I he gre Ill 
20oR| 20R| 15R| 8r | Il 
4 4 4 4 ;I 
10 ror 8r 6 | II 
200R |200R |125R| 80R} IT 
S.  . Sedel ate ietkte a V 
15 15R| tor 8 | II 
ee Se De ER V 
4 I eh | IIl 
2or | 20R| 15R/} 10 | II 
8 8r 7 6 {I 
7 6 5 $43 
ae Sere Sea eee V 
1o | tor 8 6 | Il 
10ooR |10o0R | 60R/ 30R} IT 
50R| 50R} 40oR)| 20R} II 
O 4. sdidieeSes Rey |V 
2 5 ie ee IA 
12 | 12r | 10r| 7 | II 
5OR| 50R}| 4oR} 25R) II 
15 15r | tor 5. 4c 
I 3 pe Pee IITA 
6  t. cst ad Be aa V 
15 15r | tor 8 II 
60R | 60R| sok} 30R) II 
30R | 30R} 15R/ ror | IT 
.|T50R |t50R| 80R}| 5oR_ II 
15 Isr 8 6 II 
"SE: pee. eee Vv 
12 8 6 6 I 
os 34 5 |! 
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TABLE II—Continued 
































FURNACE | | | 
a 
(Exwer and | Arc | | apeai-| | Crass || (EXNER AND 
HASCHEK) High cm Low | HASCHEK) | 
Temp Temp.| Te™P-| | 
eae 2 lees tphecses oe V_—|| 4064.55....| 
7 FE | a: eee i. Vv | 4075.00....| 
9647.8s5....| 2 2 eT 4 II 4164.80*... 
ress O Uicdwshesss> Decaiaseg Vv i} 4595.98... 
3662.10....| 8 6 6 | 6/1 } 4200.60*... 
3664.27....| 20 20R | 12r 9 II || 4201 .89*.. .| 
3666.16....| 2 I ae | I | 4231.19....| 
TS a ee Ape Ext |V || 4284.84.... 
3669.40....| 12 12r 8 | 6 | II || 4288.15.... 
3670.60.... (2 = - | 9 4 || 4296.05... 
* 10 ? + 69096.938....) 
3074, 30°... \15 tsr?} 8?| 5 | II_ || 4325.78.. 
ge it 15 15R| tar 8 3 || Pg 
5 SESS aE eS ee ee .83.. 
3694.07....| 8 8 6 | 6 {I || 4356.07....| 
3697.05... ee Sb eae Pel | V_ || 4359-76... 
3713.84.. I 3 ee ee | IV 4308.47.. | 
3715.65.. a Vee ihm val Vv 4384.70....| 
3722.64.. 15 15R| 12r 7 | II _ || 4390.05....| 
3724.95.. i Eee ae | cata Vv || 4398.80... .| 
3730.90. . 4 5 5 Ba 4399.78... 
3730.95... 15 15R| 10 8 II 4401.02.. 
3739.40. to 8 | 9 I 4401.75. 
3739.94. MOE, ox sks ems Peis : | 4410.66... 
3744.72.. ae Ee Fe a | 4437.15.. 
3749.19.. 8 8 Pe 2-40 | 4437.78.. 
3772.67.. 6 6 er 2 I | 4459.19.. 
3775-75....| gor | 3OR| r5r | ro | IT || 4462.63.. 
3778. 20. 5 5 5 5 |I | 4470.64... 
3783.72.. zor | 30R/ 15r | ro | II || 4520.15.. 
3792.48....| 5 5 Si @.243 ] 4547.11. 
3793-79. . 8 8 7 6 | 1 || 4547.38.. 
3807 .35.. 35r | 35R| 20R| rar | Il | 4592.72. 
3831 .80.. 20 20R | tar 6 II || 4600.56. 
3833 .00.. 5 5 Fe I || 4605.17.. 
3858.51.. 4or | 40R | 30R | 20R | Il || 4606.38. . 
3889.84. . 15 5 . oe Il ] 4648.85.... 
Sey ieee 
3913.14... sg | 5 5 |I | 4686.39.. 
3044. 20.. 0 EG Se | V_ || 4701.70.. 
3962.25 SS RS ee ee Ue 
3970.65. ee Cee Gee | Vv | 4714.60f. 
3972.32. Se ee aS | 4715.957. 
3973-71. 25 | 2oR| ror | 5 | Il | 4731.98T. 
ee Se OS ee eee lV | 4732.03....| 
3984. 20.. 8n | (Oe RSF ees |V | 4752.50.. 
3994.15. CS eee Gees eee Md | 4754-92. 
4006 . 30. es Res Aree eee | 4756.70. 
4017.67. Seed Fiat Wage Vv | 4762.82. 
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% Pan 
5 2 |ILIA 
6 5 2 | IIA 
a Spee he | V 
I I . as 
I I I | I 
- % 
ip ape Pena | V 
tr jon 
> t. 
$ | V 
ae ere aoe | V 
ree & 
8 6 3 | Il 
6 3 r | IA 
I ae re 
I »| IV 
vblok |V 
ee et Be hie iV 
tec | V 
ts See ieee Bey V 
SDE MP Me teeee V 
8 4 | tr | Il 
I a eee | III 
| 2 RS Aree V 
pe son iV 
6 ae eee III 
2 “he ee | IIT 
* © 1 Boek Ill 
3 2 1 | 
I ay Oe | Til 
ee FNS les ae | V 
2 I tr | Ill 
tr? | V 
3 I .| III 
SD aaa SAE V 
3 2 we ii 
? 1? .| I? 
ed LV 
2 i wees | III 
V 
6?| 4? 2 | 
2? 1?| tr | Il 
ay ORS Were IV? 
I I III 
a reg? Oe | V 
4 US ae | IIT 
6 4 2 )IA 
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TABLE II—Continued 





FURNACE 
om ano | Arc | re Ty Crass || _—-s AND 
HAscHEK) High i Low || HascHex) 
Temp.| Temp. Temp | 
| 

4704.15... 4 fe I eae: III | §176.972.... 
4786.75... 15 5 3 I II || 5184.78.... 
4800.01... I I i Ree III || 5192.66.... 
4807. 20. 4 a) ok os MePer Hix ii $207.$5.'... 
4829. 20 I5 4 ee, Ae Ill ] §216.58.... 
4831.37. bie) 3 2 jecee III || $220.30... 
4832.90.. oe Se eer Vv | sass.Gz.... 
4838.78. . “gp ee Cee Se V || §268.52.... 
4855.59... 15 4 2 tr | ITI || 5353.60*... 
4857.57.. 2 “See ae IV | 5371.60.... 
4866 .47.. 10 3 oe Svedod Ill 5411.41.... 
4871.01.. ak Cate: CO Tee Vv | 5424.87.... 
4873.62 4 2 Te ee III || 5436.08.... 
4904.61.. Io 3 ae Seer III || 5462.69.... 
4912.109.. ee MS Oe epee Vv || 5477-12.... 
4914.10.. 3 I .——e TIT || 5405.15.... 
4918.52 4 2 ey III || 5510. 20f... 
4925.72....| 2 I gy ee III | 5553-931... 
4930.00 4 ee eS es IV || 5578.94.. 
4937.45. 4 @ | ® |--+ TIT || 5588.09. . 
4045.62. 2 ae eee eee | IV 5589. 587. 
4953 .38*. hs ages eee eee | Vv? || 5592.49.. 
4971.50. “Rae, Se ae ) V || 5593.99. . 
4980. 34. 12 OM ae eee TII || s6r5.01.... 
4984.31.. 10 2 a eee III || s625.52.... 
4998 .40....} 2 oe S ie III || 5637.33. 
5000.51... | 4 “<a St Oe | IIIT || 5649.80.. 
5012.64... | 2 I | et Pee | TIT || 5664. 23.. 
§017.73T...| 10 ? | x?|.....| IMT? |] 5682.42.. 
§018.48....| 3 oe (fare | ee | IV 5695. 107. 
§035.52....| 12 2 et Bafa | IIT || 5709.76.. 
5042.37 ee 2 ee. eee  feee |V || 5712.10. 
5049.00. | 4 Pak Meh ae lV || 5715.20... 
5080. 70 | 30 I | ‘S Wee III || 5748.58.. 
5081. 29 er I Se Fe | IIT 5754.80... 
5084. 20. 15 I | I | ates | Til 5761.03... 
5097.07 Oe ee SS ee bessad | V 5805.40.. 
5099.51 5 Sf aay: tse; | V 5831.82.. 
5100.12 ~ ae eee Perry: See | V 5858.00f. 
§115.57.. ed ee ae eth | V 5893.11 
5125.38T...| 4 fee a, AMS | IV? 5997.02 
EE RE es es (aoe Bed | V 5997.80. . 
5235.08... Te RASTe Aes rr BS 6007 .54.. 
5137.23 8 6 ae ae | I 6053.91.. 
5130.43 a Cee Bsa oc Poon ae |V 6086.53. . 
5142.91 10 aoe 6108 . 36. . 
5146.61 aay a eee |V 6111. 22. 
5155.31. “op SSS ‘Nee Tie RAED | V 6116.35.. 
5155.90 Oe Benes ae Bs it | V 6163.60. . 
5168.81. 6 x oe rer | III 6175.69.. 












































359 

j ] r 

| FURNACE 
Arc | F ss 
RC | High Medi- — CLas 

ia Temp. Temp.| 
| 

5 | OS Rsvaskeost |v 
4 a eee en | IV 
2 | Pe eit! ears lV 

Baer eo Ser V 

Te ae See? aie ots Vv 
ey ee ee Oe’ Vv 
St oer sees Gee |V 
ey Chee OF ye rome Vv 
3 ? ? r | If? 
i a ey See ee | IV 
EN es tebe t | Vv 
4 5 3 2 |i 
5 5 3 2 | I 
tes Pee AP eee. Seep V 
50 20 15 ss ia 
ae epben S ar Baer lV 
4 |g Bee .| IV? 
6.4 BP ice bee ee 
5 5 5 | 4 {I 
5 4 3 | 3 |I 
2 “8 SRR Sieg IV? 
8 4 3 | 2 | II 
4 2 an | III 
i ee 2S yaar Vv 
"En SR ee eee | V 
2 tee! bn ee Rae | V 
Sy Pe sR ere |V 
a ee a Rid See Solas | V 
ae eee —- |V 
“Rie 2 Sete ae | 
12 12 1o | 10 | I 
5 5 4 3 | il 
Ee Speco: OP ee bas. V 
2 2 2. 2 oan 
10 8 . te II 
4 i acches eee IV 
Fae RSA ceges ey V 
Se er ee isaies V 
7 | r? | ree: pt oe" IV? 
12 ae. | 2 II 
gt aes SEE bs ee V 
Se eee PaaS ee V 
3 3 ois ie 
re ee pe Vv 
. eGo. Peepers Bei hen V 
8 | 8 5 | 4/1 
ees Emirs Set V 
Gs SR Oe Ria Vv 
Wp Ogee Speen Petes w V 
i soe | PES heer V 
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TABLE II—Continued 






































FURNACE | FURNACE 
A | A $$$ ___— 
(EXNER AND | Arc | : Cc (E Arc | CLAss 
Hascurx) | | High | Medi-| Low wes | “Hascurx) | | High | Medi-| pow | 
| Temp- Temp Temp. | Temp. T A Temp 
6177.00....| 12 |..... ey Se! SE  * ee ee ee ree eee IV 
Seeeee....1 2 |..«0% hig anoles van V | 6378.40T...| 5 rf pe tS se IV? 
6191.48....| 12 | 12 | Io 8 I aoe Me "Bsn cn lceass = V 
ee ..- 8 | 8 ee ee TIT || 6586.52....| 6 | 6 4ie2te 
a SO eee ere Aan V || 6598.74....] 3 7 See ae. IV 
AE Se Se See Se V | eck. BM Boe tc. ae V 
6256.60....| 15 15 12 10 | I || 6643.89....] 20 | 20 | 20 | 20 | I 
er: ere Oe 2a se 6767.99*... 20 | 15 | 12 | 10 Tr 
ae i---- 2 |ese.|e a 4 Ling PS “Ee Eek RE Ponies \ 
314.89....) 15 | 12 | 914.83"...) 3 ai 3 1B 1 
6327.70T...| 5 6? | 4?| 2?| It? NETS Os Bosc este vw oetesSn's V 
6339.40....] 7 BE IV 
| } 
REMARKS ON TABLE II 
A 


3233.28 May be concealed at high temperature by A 3233.06. 
3674.30 Close doublet. Resolved at low temperature. 
4164.80 Measured as A 4164.70 in furnace spectrum. May be due 
to impurity. 

4200.60 
4201.89 
4953.38 Furnace line probably due to Co. 
5353.60 Blend with Co at high and medium temperatures. 
6677.99 

to Photographed with 1-meter concave grating. 
7122.54 


Very unusual type of Class I lines. 


the cooler vapor near the ends of the tube would be very ineffect- 
ive in recording its spectrum during the brief exposure at high 
temperature. 

Class II.—This class includes a large proportion of the stronger 
arc lines. In the region of shorter wave-length, wide reversals of 
these lines are frequent, in some cases the reversal persisting even 
at low temperature. The reversals are usually much wider in the 
furnace than in the arc at moderate current, and the appearance 
of the lines from the two sources is very different. The estimates 
of relative intensity are made independently for arc and furnace, 
the scales being adjusted so that the stronger lines are given the 
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same intensity in the arc and in the high-temperature furnace. 
Lines of Class II usually remain strong at medium temperature 
in these spectra, but weaken at low temperature more than the 
lines of Class I, the distinction between the two classes being often 
based on this feature. 

Class III.—These lines, whose characteristic is an initial 
appearance at medium temperature, form the most numerous class 
in the cobalt and nickel spectra. A large part of them show but 
slight change of intensity between the arc and the high and 
medium furnace temperatures, but some interesting exceptions 
appear, especially in the nickel spectrum. AA 5080.70, 5081.29, 
5084.20 are examples of very strong arc lines which appear only 
faintly in the furnace, but show at both high and medium 
temperature. 

Classes IV and V.—These high-temperature lines, which are 
faint or absent in the furnace, are much more common in the 
nickel than in the cobalt spectrum. This is due partly to the fre- 
quent occurrence of the nebulous type among the nickel lines, but 
a large proportion of other strong arc lines, especially in the visible 
region, have not appeared in the furnace spectrum. In the cobalt 
spectrum, the lines in Classes IV and V are usually among the 
weaker arc lines which, however, are not given by furnace tempera- 
tures which show other lines as weak as these in the arc. 

Lines relatively weak in the arc spectrum.—The number of lines, 
designated by ‘‘A”’ after the class number, for the production of 
which the arc appears to be less favorable than the furnace, is quite 
different for the cobalt and nickel spectra, the numbers being 40 and 
6, or 5 per cent and 1} per cent, respectively, of the whole number 
of lines listed. This is in harmony with the greater relative rich- 
ness of the cobalt spectrum in the furnace as compared with the 
arc, the proportion of lines in Classes IV and V being much smaller 
than for nickel. 


DISTRIBUTION OF CLASSES ACCORDING TO WAVE-LENGTH 


As the detailed examination of the cobalt and nickel spectra 
covers 4000 A, it seemed of interest to see how the classes are 
divided within successive equal intervals, as of 500 A, throughout 
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this range. This is shown in Table III, which gives the percentage 
of each class of the total number of lines within the given 500 A. 


TABLE III 
DIVISION OF LINES IN EACH 500 A AMONG FURNACE CLASSES 
(The figures give percentage belonging to each class of the total number of 
lines within 500 A) 








Cobalt | Nickel 
Class 
I m | m | iv Vv I 1 mm | WN \ 
A | 
3000-3500 | > i 51 13 I if) 46 7 | Io 25 
3500-4000 | 23 34 | 36 3 4 25 40 7 I 27 
4000-4500 | 22 9 | 40 9 13 7 13 17 3 60 
4500-5000 13 10 | 60 15 2 ° I! 49 9 30 
5000-5500 2 9 | #8 27 34 5 8 20 10 58 
5500-6000 4 26 | 44 ° 26 12 19 4 23 2 
6000-6500 18 6 2 14 38 9 17 4 13 56 
6500-7000 43 | 21 14 ° 21 33 II ° II 44 


The columns of Table III do not show a regular change in the 
percentages of any class as we pass along the spectrum. In 
each spectrum there is a grouping of Class I lines in the extreme 
red, while at the other end we find a large proportion of the lines 
from \ 3000 to A 4000 belonging to the low-temperature Classes 
I and II, the lines of Classes [TV and V being in a decided minority 
at the violet end, especially for cobalt. This is in harmony with 
the feature noted for other elements, that the furnace spectrum, at 
least for the medium and high temperatures, is relatively rich in the 
region of shorter wave-length as compared with the arc. The 
greater part of the lines which require arc conditions occur farther 
toward the red. There is a definite tendency in the furnace, as 
in the spectra of other light-sources, for lines exhibiting a similar 
behavior to group in certain regions, this probably resulting from 
series relations which have not as yet been worked out, and the 
occasional preponderance of a single class in a given region may be 
a consequence of such groupings. 


OCCURRENCE OF ENHANCED LINES IN THE FURNACE SPECTRUM 


The behavior in the furnace spectrum of a number of lines listed 
by Lockyer’ as enhanced seems to render it questionable whether 


* Tables of Wave-Lengths of Enhanced Lines, Solar Physics Committee, 1906. 
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these are to be considered as of this class, or at least as a pronounced 
type of enhanced lines. The list follows with the furnace class of 
each line taken from Table I: 


A Class A Class 
ll a . & eee II 
I 6 Gs «aes ee | re II 
| Se Ue. Cee III 
SN b's nia’: on : ae I 
SOG Lh wiiccs ys ee Q084.09........ II 
8 | Ae CR ews vat Ill 

‘III 
SS ai. 00% oe dee Pe ey LV } (double) 
[ee Pe Ee ee ae 
[ «a Pere anGe.86........ 5 
EN ee III 4244.42........ 
Ce Lee re eee 
ee ee 4569.48........ 


In the range from A 3800 to A 4100, the distribution of these 
lines as to furnace class is about what would be expected of the same 
number of lines taken at random, two lines of Class I even being 
found among them; while previous investigations have shown that 
typical enhanced lines, for which the difference between arc: and 
spark intensity is large, are among the most difficult lines to obtain 
in the furnace. Exner and Haschek give most of these cobalt 
lines, as far as \ 4100, as of the same intensity in are and spark. 
From the evidence at hand it seems probable that they are not 
enhanced lines of the regular type, but may be similar to a group 
of iron lines discussed in a former paper,’ which appear in the 
furnace and in the spectra of flames whose temperature does not 
seem to be very high. 

Among the enhanced lines of nickel as given by Lockyer, only 
d 3889.84 appears in the furnace, this being a Class II line, of 
moderate strength in the arc spectrum. 


EXPLANATION OF PLATE VII 


In this plate, the cobalt spectrum from A 3356 to \ 3720 is shown 
in two sections for the arc and for three furnace temperatures. 
Leading features are the variations in relative intensity for lines 


* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
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of different classes, the numerous wide reversals in the high- 
temperature spectrum, and the general richness of the low- 
temperature spectrum in this region. 


SUMMARY 


1. The furnace spectra of cobalt and nickel have been examined 
from \ 3000 to X 7100 with regard to the temperature at which 
a given line appears and its rate of increase in intensity as the 
temperature rises. The classification of lines on this basis includes 
840 lines in the cobalt spectrum and 423 in that of nickel. 

2. The leading features of the various furnace classes are dis- 
cussed, these being in the main similar to those observed in the 
furnace spectra of other elements. 

3. The number of lines relatively fainter in the arc than in the 
furnace is larger for cobalt than for nickel; while the nickel spec- 
trum shows a large proportion of lines, many of them of nebulous 
type, which require the arc conditions to give them strongly. 

4. An examination of the distribution of furnace classes through 
the spectrum shows a relative richness of the furnace spectrum 
at the violet end, and a tendency for lines of similar character to 
group in certain regions. 

5. A number of lines, especially of cobalt, which have been 
classified as enhanced appear in the furnace spectra, thus indicat- 
ing that they may not be enhanced lines of pronounced type. 


Mount WILSON SOLAR OBSERVATORY 
June 1915 














MINOR CONTRIBUTIONS AND NOTES 


NICKEL DEPOSITS ON GLASS MIRRORS FOR ULTRA- 
VIOLET PHOTOGRAPHY 


In the Astrophysical Journal for December 1911, I described 
a method for the preparation of the nickel-on-glass mirror which 
I used for the ultra-violet photography of the moon. 

The difficulty in making successful electrolytic deposits of this 
metal on a silver film results from the circumstance that the nickel 
comes down under tension and strips the silver film from the sur- 
face. I succeeded, however, by the use of a very dilute solution 
of the double sulphate of nickel and ammonium, to which a small 
amount of ammonia was added, in obtaining deposits sufficiently 
thick to answer the purpose. The deposit was not very bright, 
however, resembling a slightly tarnished iron surface. 

Since the publication of the paper above referred to, some experi- 
ments made by Hollard* on the behavior of various salts of nickel, 
made it appear worth while to renew the experiments with silvered 
glass mirrors. Hollard found that in the case of electroplating on 
metals very superior results were obtained with a solution of nickel 
fluor-borate, it being possible to obtain much thicker deposits 
without the ‘‘flaking-off,’”’ than was possible with the solutions 
used in commercial processes. 

I prepared a small quantity of this substance, and obtained 
such superior results on small silvered strips of glass that experi- 
ments on a large scale were at once commenced. The method of 
preparation of the nickel fluor-borate is as follows: A hot solution 
of 350 gm of sodium carbonate in one liter of water is added to a 
lukewarm solution of 600 gm of nickel sulphate in 5.5 liters of 
water. The precipitate thus formed is to be washed until the fil- 
trate shows no reaction (white precipitate) with barium chlorate. 
As it filters very slowly the quickest way to get rid of the sodium 


* Bulletin Soc. Encouragement (Geneva), 118, 24, 1912. 
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sulphate is to allow the precipitate to settle for two or three hours 
in tall jars, pouring off the clear solution and then filling up the jars 
again. This process must be repeated three or four times, after 
which the materia] may be put into the filters, and subjected to 
further washing, until the barium chloride gives little or no reaction. 

Dissolve 130 gm of boric acid in 300 cc of boiling water, heating 
the liquid until the solution is complete. Cool rapidly by immersing 
the beaker in water, stirring constantly. The pasty mass thus 
obtained is put in a wax or gutta-percha beaker (which can be made 
from an old hydrofluoric acid bottle by cutting off the top) and 
250 gm of commercial hydrofluoric acid added. To this solution 
the nickel carbonate is to be added, a little at a time. Owing to 
the great bulk of the latter it is best to pour about 20 cc of the acid 
into a wax dish of, say, 300 cc capacity, and then add the paste until 
a little remains undissolved. The solution can then be poured 
into a glass vessel and a second lot prepared. At the end the 
solution must be distinctly milky, that is, there must be an excess 
of the carbonate. The solution is not yet complete and must be 
stirred rapidly overnight or for, say, fifteen hours by an electric 
motor with a bent glass tube fastened to its axle. It is then fil- 
tered from the undissolved carbonate. In working with the hydro- 
fluoric acid it is necessary to use the greatest precautions. A single 
drop falling on the root of the finger nail, even if washed off instantly 
under the tap, may give rise to a very bad inflammation of the 
whole finger which lasts for ten days or more. If an accident does 
occur, sodium carbonate and not ammonia must be used at once for 
the neutralization. Apparently the frightful nature of the burns 
occasioned by this acid are not generally realized, and the use of 
a pair of rubber gloves cannot be too strongly advised. 

Hollard recommends that the solution be subjected to elec- 
trolysis for an hour with a copper cathode and nickel anode before 
being used for the work desired. In my own case I utilized this 
preliminary run for the preparation of my nickel anode. 

As I happened to have only a sheet of nickel about 20 cm square, 
I decided to make the anode of nickel-plated brass. A thick piece 
of brass rod provided with a binding post was riveted to the center 
of a brass disk 40 cm in diameter. Nickel was deposited on this 
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from the solution, using a current of about 5 amperes. Six dry 
cells were found to be about right for the deposition. Of course 
a nickel disk would be preferable. Preliminary experiments were 
first made on small strips of plate glass silvered by Brashear’s 
process. The silver film was dried, and the light deposit of white 
powder wiped from it with a pad of dry absorbent cotton. It was 
found that with two dry cells a firm, hard, and very brilliant deposit 
of nickel could be obtained in about fifteen seconds. Previous to 
the deposition of the nickel the sun’s disk could be seen of a 
deep blue color through the silver film. The electrolytic deposit 
rendered the film quite opaque. 

To determine the effect of varying the time of deposition a strip 
was immersed to a depth of 1 cm for five seconds, then to a depth 
of 2 cm for an additional five seconds, and so on until five or six 
patches of nickel of varying thickness had been obtained. It was 
found that the five-second deposit was not nearly so bright as the 
others, it being distinctly brown by comparison. This is rather 
curious, as it is backed by the highly reflecting silver. It seems as 
if a certain definite thickness must be reached before the nickel 
film acquires its full reflecting power, and if we stop short of this 
point the loss due to insufficient thickness is by no means com- 
pletely compensated by the reflection from the underlying film 
of silver. 

Experiments were next made with more dilute solution, and it 
was found that the solution as first prepared (some 2 liters in 
volume) could be diluted with six or eight parts of water and still 
yield perfectly satisfactory deposits. In nickeling my large mirrors 
I have always used the diluted solution. 

A large circular wash-basin of white enameled iron was used for 
the electroplating work, the silvered glass mirror being laid flat 
in the basin, with the film up. Contact with the silver film was 
made by pressing a piece of very thin platinum foil against the 
surface with the finger. The foil was soldered to a copper wire 
which passed through a glass tube. 

At first I used two dry cells, as with the smaller plates, but the 
deposits on the large mirror were very bad. The metal came down 
in irregular patches; some portions of the surface received no 
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deposit at all, and others were colored bright yellow. It was sus- 
pected that the trouble resulted from insufficient current-density. 
Similar deposits were obtained on small plates, if an ordinary carbon 
filament lamp was included in the circuit. 

I then measured the current-density in the case of the small 
plates with a milliamperemeter. 

With an immersed surface measuring 2X3 cm a current of 
33 milliamperes was obtained, or 5.6 milliamperes to the square 
centimeter. This current-density gave beautifully bright deposits. 
The area of the large mirrors was then measured, and calculations 
showed that, in this case, a current of about 5.6 amperes would be 
necessary, for the radii of the two mirrors were 18 and 20 cm 
respectively. In the case of these mirrors, with two dry cells only, an 
amperemeter showed 1.2 amperes, four cells gave 2.8 amperes, 
while 6 cells gave 5.6 amperes, with a distance of about 3 cm 
between the anode disk and the silver film. Six cells were accord- 
ingly used in al] subsequent operations. It was found best to make 
the contact between the platinum foil and the silver film before 
lowering the anode into the solution. If this was not done it often 
happened that the film was destroyed at the point of contact and 
the flow stopped. This resulted from the circumstance that the 
current-density at the first point of contact, formed between the 
platinum and the film, was too great for the latter to carry. Forty 
seconds were sufficient for a good deposit, in the case of the dilute 
solution, and the film was uniformly brilliant over its entire surface. 
In the case of very large mirrors it would be advantageous to have 
a number of contacts around the rim. The deposition can be 
watched by moving the anode from side to side. During the first 
few seconds the metal comes down in small patches of irregular 
form, which are brownish in color. These rapidly brighten, the 
spaces between them fill up, and in twenty or thirty seconds the 
reflecting power appears uniform over the entire surface. The 
anode is then lifted out, the disk removed from the solution and 
washed under the tap. 

The concave mirror which I am now using for ultra-violet 
lunar photography was figured by J. E. Mellish, of Williams Bay, 
Wisconsin. Its focal length is 55 ft., and the definition is perfect. 
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The deposition of the nickel film does not affect the resolving power, 
as far as I can see. 

Some experiments were made on the current-carrying capacity 
of thin silver films, a point which is of importance in the case of 
large mirrors, with but a simple electrode applied to the silver sur- 
face. A narrow strip of glass was silvered with a film of such thick- 
ness that a window backed by a brightly lighted sky appeared of a 
dark blue color through the film. The silver was scraped from the 
middle portion of the plate with the exception of a strip 1.5 mm 
in width and 5 or 6 mm in length. It was found that the narrow 
strip carried a current of 1 ampere, but burned out at 1.2 amperes. 
If a drop of water covered the strip, the current could be raised to 
2 amperes before the film was disrupted, the final disintegration 
of the film resulting from the explosion of stream bubbles. With 
a circle of contact 1 cm in diameter a current of 20 or 30 amperes 
could probably be delivered to the silver film in the case of the 
electroplating process, which would answer for a mirror very much 
larger than the ones used in the present case. 

It is perhaps worthy of mention that the silver films were 
deposited with a much smaller quantity of the sojution than is 
usually recommended for Brashear’s process. The 16-inch mirror, 
provided with a rim of paraffin paper, was silvered with but 5 gm 
of silver nitrate and 2.5 gm of caustic potash, each dissolved in 
about 70 cc of water. This is less than one-tenth of the amount 
customarily used for a 24-inch mirror. I mention this point, as 
repeated trials may be found necessary before a first-class deposit 
of nickel is obtained. 

These experiments form a part of an investigation now under 
way of the distribution on the moon’s surface of the material, 
probably sulphur or sulphur-bearing rocks, which is shown only 
in photographs made with ultra-violet light. 

I have been aided in this work by a grant of $200.00 from the 
Gould Fund of the National Academy of Sciences. 

R. W. Woop 


East Hampton, Lonc Isianp, N.Y. 
August 1915 
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THE DISTRIBUTION AND SOME POSSIBLE CHARAC- 
TERISTICS OF THE SPECTROSCOPIC BINARIES 
OF CLASS M 


Attention may be called to the distribution of the known binary 
stars of Class M. A comparison with the Cepheid-Geminid vari- 
ables in this and other respects is also of some interest. 

From data available to date ten stars of Class M have been 
found to be binaries or to have variable radial velocities as 
follows: 


8 Andromedae F Centauri 
+65°369 +66°878 

a Orionis a Scorpii 

7» Geminorum 8 Sagittae 
e Muscae p Cephei 


With the exception of +66°878, these binaries show a strong 
preference for the Milky Way in contrast to the nearly uniform 
distribution of the other stars of Class M over the sky. 

The average galactic latitude of the nine stars is 9°. 

Omitting 8 Andromedae, which is 30° from the central line, the 
average for the remaining eight is less than 7°. 

Three of these stars are variable with small ranges of brightness 
of the order of the Cepheids. These stars have also very small 
proper motions, comparable in this respect with the Cepheids. 

Only two orbits are available, of a Orionis and a Scorpii.t' As 
both of these stars have very small proper motions, it is interesting 
to compare their orbits with those of the Cepheids, especially as 
one star is known to be variable in brightness. 

The principal elements of the two Class M stars are given 
below: 


~ | me sinsi a sini ~ V 
@ | (m+m,): | ie Sec ee 





| | 
| | i? 
nae Wea ©. | 

@ Orionis..|0.9/6. 70/0. 24 255°| 0.0029 | 70,000,000 km |+ 0% o019/+07%008 |+5.4 km 
a Scorpii..|1.2/5.8 je. 20 289 | 0.0020 | 60,490,000 — .005 |— .003 |+6.1 








* Bottlinger, in Astronomische Nachrichten, 187, 33, 1911, called attention to 
Ludendorff’s observation of the similarity of the orbits of these two stars. 
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The points regarding these Class M stars to which I would 
direct attention are: 

1. The strong preference of these binary stars of Class M for the 
Milky Way. 

2. The difference of the angles of periastron of the two orbits 
from the majority of the Cepheids by approximately 180°. 

3. The much larger values of a sin i of the two stars of the 
M-type group and their much longer periods than corresponding 
elements for Cepheids. 

4. The similarity of the two M-type stars to the Cepheids in the 
matter of masses of the secondary bodies. 

5. The generally small proper motions of the M-type binaries. 

6. The generally small radial velocities of these M-type stars. 
The average for the ten is 1o km. Omitting the large velocity of 
uw Cephei, the average for the remaining nine is 7 km. This is 
much below the average for the Class M stars found by Campbell, 
viz., 17 km. 

There is some uncertainty in the velocities of the systems of 
four of these stars, but it can hardly affect the foregoing conclusion 
greatly. 

It is fully recognized that the data are very meager and sufficient 
only to suggest possible characteristics of the group. There seems, 
however, reason to believe that some of these may prove to be 
characteristics of this class of stars and that efforts in obtaining 
more observations and orbits will be well repaid. 

It seems highly probable that a Scorpii will be found to vary also 


in brightness through a small range. 
C. D. PERRINE 
OBSERVATORIO NACIONAL ARGENTINO 
CORDOBA 
May 8, 1915 
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EDITORIAL NOTE 


The attention of contributors and all others concerned is directed to 
the fact that the duties of managing editor of the Astrophysical Journal, 
which have been carried by Mr. Gale for the past six volumes, have been 
resumed by Mr. Frost, beginning with the present volume. 

Manuscripts, proof sheets, books for review, and all editorial corre- 
spondence should be addressed to 


EDITORS OF THE ASTROPHYSICAL JOURNAL 
YERKES OBSERVATORY, WILLIAMS Bay, WISCONSIN 


Business correspondence should be addressed as heretofore to 
THE UNIVERSITY OF CHICAGO PRESS 
Cuicaco, ILLINOIS 





